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CHBCECKL APPLICATIONS OP SYNCHBOTBON RADIATION:

WORKSHOP REPORT

ABSTRACT

The most recent in a series of topical meetings
for Advanced Photon Source user subgroups, the
Workshop on Chemical Applications of Synchrotron
Radiation (held at Argonne National Laboratory,
October 3-4, 1988) dealt with surfaces and
kinetics, spectroscopy, small-angle scattering,
diffraction, and topography and imaging. The
primary objectives were to provide an educational
resource for the chemistry community on the
scientific research being conducted at existing
synchrotron sources and to indicate some of the
unique opportunities that will be made available
with the Advanced Photon Source. The workshop
organizers were also interested in gauging the
interest of chemists in the field of synchrotron
radiation. Interest expressed at the meeting has
led to initial steps toward formation of a
Chemistry Users Group at the APS.

INTRODUCTION

The Advanced Photon Source (APS), to be constructed at Argonne National

Laboratory in the early 1990s, will provide high-energy x-rays with a

brightness 10,000 times that currently available. This facility will provide

a unique resource for cutting-edge research in many areas of science and

technology, including materials science, geosciences, physics, biotechnology,

medicine, biochemistry* biology, and chemistry. Synchrotron radiation has

provided an invaluable probe for chemical researchers in such diverse fields

as spectroscopy, surface science, molecular structure, imaging, and

dynamics. Future applications to chemical problems that may become possible

with a third-generation synchrotron source such as the APS include the ability

to determine structures of materials using single crystals as small as one-

micron and to study intermediates formed during fast chemical reactions.
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"Hie Workshop en Chemical Applications of Synchrotron Radiation was held

to provide an educational resource for the chemistry community on the

scientific research being conducted at current synchrotron sources and to

indicate some of the extensions and unique opportunities that will be

available with the enhanced capabilities of the APS. The workshop attempted

to cover synchrotron studies in six different research areas: (1) Surfaces

and kinetics; (2) spectroseopy, including EXAFS and XANES; (3) small-angle

scattering; (4) single-crystal and powder diffraction studies; (5)

topography and imaging; and (6) time-dependent phenomena. The speakers were

asked to include tutorial material/ as well as to summarize current, state-of-

the-art applications of synchrotron radiation and to offer challenges for the

future.

Although the short-time format for the workshop did not allow a complete

presentation of even this limited number of topics in possible chemical

applications of synchrotron radiation, those who attended the meeting were

generally pleased with the sampling of topics that were included. The

interest and enthusiasm expressed at the meeting has led the workshop

organizers to initiate steps toward the formation of a Chemistry Users Group

at the APS.



SESSICN I

SURFACES AMD KINETICS
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The Use of X-Ray Reflectivity as a Surface Probe

Eric B. Sirota

Corporate Research Science Laboratories,

Exxon Research and Engineering Company

Route 22 East, Annandale, NJ 08801

The technique of using the reflection of x-rays from a surface to probe the

electron density profile of that surface and overlayers is described with attention

to data interpretation and experimental method. Examples of experiments on 3

systems are given: precursor wetting films of water, swelling of adsorbed

polymers in solvent and melting of adsorbed phospholipids.

'work presented here was done in collaboration with S.K. Sinha and S. Garoff
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X-ray reflectivity is a powerful probe for the investigation of surfaces and

materials on surfaces. The specular reflection of x-rays from a surface gives us

information regarding the average electron density profile in the direction

normal to the surface.[1] Diffuse scattering in the vicinity of the specular

reflection provides information regarding the lateral roughness or

inhomogeneities in the electron density near the surface. [2]. This technique is

complimentary to grazing incidence x-ray scattering (GIXS) [3] which probes the

in-plane structure.

PERFECT INTERFACE: We first review the Fresnel theory for

reflection from a perfect interface between 2 homogeneous media. If one

defines z as the direction normal to the surface, then the average electron

density is

p(z)=p0 for z<0 (the average density of the substrate)

p(z)=0 for z>0 (air differs insignificantly from vacuum).

We assume that x-rays of wavelength X are incident at grazing angle 6 (6=90° is

normal incidence), on the surface of a semi-infinite slab of index of refraction n,

where n is a complex number. As long as the binding energy of the electrons is

less than the energy of the x-rays, (which is the case for most lower atomic

number elements) one can treat the electrons as if they were free and

n = 1 - bN X2/2n + \X/4K \abs(X)

where b=e2/mc2, N is the electron density and lat»(A.) is the absorption length.[4]

In many interesting cases, the length scales probed are larger than the atomic

size and one need not be concerned with the periodicity of the substrate. By

Snell's law:

încident = r̂eflected and cos9 = n cosGtransmitted-

Since n<1 for x-rays, (1-n * 10~6) there is Total External Reflection below a

critical angle 8C = cos*1(n) = X (bN/jc)1/2 which is ~.2° for quartz. The complex

reflection amplitude is given by

R = (sine - nsine-r) / (sine + nsine-r), (1)

where the reflected intensity lref=lRl2- Below 6C the reflectivity is unity and at
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large angles it falls off as q"4, where q=(4rcA.)sin(8)=qz (we will drop the z

subscript for convenience), (see Fig. 1)

GENERAL INTERFACE: We now treat the case where the surface is

flat but with a graded density profile so p(z)=po for z=-°° and p(z)=0 for z=«o.

There are a number of mathematical ways of looking at this problem. For the

case where the density profile is due to a truly graded interface with no lateral

inhomogeneities, there is no diffuse scattering and the "matrix" or "slicing"

method [5] is exact. This method involves dividing the interface into many thin

slabs, each with a different density, and matching the electromagnetic boundary

conditions. In practice, this method can be computationally time consuming, and

for a large variety of problems, other methods will suffice.

The most useful method is the Distorted Wave Born Approximation

(DWBA) which gives the result [2]

= |R|2 I U + ~ dz (dp(z)/dz) (1/po) exp(-iz(qqT)
1/2) |2

where q-r=(47r/X)sin(8T) and R is the Fresnel reflection amplitude for a perfect

interface (Eqn. 1). Below the critical angle the reflectivity is 1, (neglecting the

effects of absorption) and at large q, R~q-4 and q-r=q. The main effect of

absorption is to decrease the reflectivity at small angles and smear out the'

sharp falloff at 6C.

For example, the reflectivity from an interface with an Error Function

density profile in p(z) with a r.m.s width a is

lref=|R|2exp(-qqTc2). (3)

This form is useful in characterizing the roughness of a surface using a single

parameter. Variation of data from this form at large q would be due to the fact

that the Error Function does not exactly describe p(z). Figure 1 shows the

reflectivity from a single surface.

Another interesting case is that of a layer of density p-i, thickness d, and

surface roughness c i , on a surface of roughness GO and density po (see figure

2). The DWBA can be extended for 2 interfaces giving the following expression
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for the reflectivity:

>ref = |R|2 Kpo-piyexpt-q^jao2^) + piexp(-iq1d)exp(-qq1ai2/2)|2 (4)

where qi is the wavevector transfer (normal to the surface) in the middle

medium. This gives minima in qi at odd multiples of Jt/d. While q,qx and qi are

the same for large q, near the critical angle they differ, and therefore, unless d is

small, one must use the correct value for the q's to get the correct position (and

depth) of the first minimum.

From the above equations, one can see that while scattering from a thin

layer alone may be quite weak, in the presence of a strong Fresnel reflection,

the effect of the thin layer is to modulate a rather strong signal.

GRADED VS. ROUGH INTERFACE: It is important to be aware of

how the scattering would differ between the cases of 1) a sharp but jagged

boundary and 2) a laterally smooth interface, both of which have the same

average p(z) (see figure 3). To first order, ihey both give rise to the same

specular scattering; However, in the case of the laterally rough surface there is

nonspecufar diffuse scattering as well, while the graded interface gives no

diffuse scattering. This is because it is the lateral inhomogeneities which give

rise to diffuse scattering. Since we know that for the case of a graded interface,

the "slicing method" gives exact results, it is useful to see where it deviates in

the case of lateral roughness. If one considers 2 infinitesimally thin slabs, each

with the same average density, one uniform and the other with lateral density

variation, one discovers that the specular reflection from each is identical,

however the nonuniform slab also gives diffuse scattering at the periodicities of

the in-plane density. To conserve energy, the transmitted flux must be less in

the case of the nonuniform slab; However, the forward scattering, which

accounts for the reduction from unity of the transmitted flux cannot be calculated

using the first order Born Approximation [6]. It is this loss which results in the

reduction from unity of the reflection below the critical angle in the case of a

rough interface (in the absence of absorption). While in the weak scattering

limit, both the graded and rough interface will give rise to the same specular
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scattering, below the critical angle, this is not necessarily true, since the graded

interface gives a reflectivity identically equal to unity, losses from diffuse

scattering from a rough interface must reduce that number. Whether this is a

measurable effect will depend on the actual roughness. We point out that if the

electron density inhomogeneity is of a length <V2 it cannot scatter, and the

photon sees the average density.

COHERENCE: An important question which arises is: Over what lateral

length scale should one average the electron density to determine the r.m.s.

roughness or, in general p(z)? Clearly, if the surface was microscopically

smooth over a short length scale, but with 50A steps every millimeter, one

would get the reflectivity of a smooth surface which did not fall off as

exp(-(50q)2). One must then determine over what distance along the surface

can x-rays reflect, and be able to interfere with each other. Since currently

available x-ray sources are not phase coherent in the sense that different

photons do not have a well defined phase relationship with each other,

interference can only occur between a photon and itself. From the energy (AX)

and angular (Aqx) spread of the radiation source, and any filters such as a

perfect crystal monochromator, one can determine (from the uncertainty

principle) the effective "length" and "width" of the photon, and geometrically

determine whether it can interfere with itself. Consider 2 parallel rays separated

by Ax, incident on the surface at ingle 6, and specularly reflected; such rays are

probing points on the surface r=Ax/sin6 apart. Since at specular reflection there

is no path length difference for parallel rays, the coherence is determined by the

effective width of the wavefront. For an 8keV photon with 0.005° divergence

(typical for synchrotron monochromators) AqxAx=27t yields Ax~10000A, thus, at

9=2°, r~3x105A, a macroscopic distance. The resolution in the direction out of

the scattering plane is usually not as narrow, so the shape of the area involved

in coherent scattering will in general be anisotropic.

One can apply the idea of scattering coherently and incoherently to a

case of a smooth substrate (ao=O) with a film of average thickness d, but with

local variations in thickness on many length scales. Variations in the local

thickness on lateral length scales shorter than the coherence length are taken



- 10 -

as the roughness 01 in equation 4. Variations in thickness on longer length

scales must be taken into account by incoherently adding lr«f for a range of

values of d.

CONFORMAL ROUGHNESS: In the case where one has a rough

substrate (po, cro), and a rough layer (pi, a-i), the specular reflectivity is

independent of whether the roughnesses are conformat (i.e. whether the hills

and valleys of the overlayer coincide with the hills and valleys of the substrate).

However, if one measures the diffuse scattering along qz at finite q i (in-plane),

conformality of the roughness will give rise to oscillations in the diffuse

scattering similar to the observed oscillation in the specular reflectivity due to

the thickness of the overlayer [7]. Figure 4 shows conformal and non-conformal

roughness.

EXPERIMENTS: To perform a reflectivity experiment, one requires a

well defined incident beam, narrow enough in the direction of the scattering

plane, that its projection will not be larger than the sample at small incident

angles. It is also important that the substrate be as macroscopically flat as

possible (minimum "figure error"). Slits are usually sufficient to define the

reflected radiation before the detector. The specular reflection is measured by

translating the surface to the center of the beam, finding the specular reflection

by sitting at a fixed scattering angle and rocking the sample; and then

measuring the reflectivity using a 6-26 scan. Since the spectrometer's

resolution function is not a true 5-function, a finite amount of diffuse scattering

will be detected along with the specular. This scattering can be subtracted out

by misseting the crystal just off the specular condition, and measuring the

diffuse scattering. While in the Born Approximation and in the limiting case

where q z a « 1 , the component of roughness with in-plane wavevector kr, gives

rise to diffuse scattering kr away from the specular. The scattering at that

position is equal to the reduction in the specular reflection caused by that

roughness component only in the above limit. For large qza, diffuse scattering

will also occur at higher harmonics of kr (see Eqn. 2.26 of reference 2). While

within the above limit, one can choose to open the detector slits and accept
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more diffuse scattering (instead of subtracting it off of the specular) and thus
effectively decrease the lateral length scale over which p(z) is averaged.

One should be aware that due to the enhanced electric field at the

surface caused by the standing wave formed by the incident and reflected

waves, there are peaks in the diffuse scattering ("angel's wings", "anomalous

reflections", "Yoneda reflections") when either the incident or the scattered ray

makes an angle of 8C with the surface. [2,8] Such peaks can be stronger than

the specular reflection if the surface is very rough. It is, in fact, this

enhancement of surface scattering near the critical angle, which is the basis for

GIXS. A few examples of systems where reflectivity is an important probe are

described below.

PRECURSOR WETTING FILM: One such experiment by Garoff,

Sirota, Sinha and Stanley [7] involved measuring the reflectivity from a vertical

glass substrate under dry conditions; in a high humidity water vapor

atmosphere; and while the bottom was in contact with bulk water. From the dry

measurement the roughness of the glass could be determined and was

oo=7.6A. The humid conditions gave a film of thickness d=14A with an r.m.s.

roughness oi=5.2A. When in contact with bulk water a precursor film was

measured to have thickness d=90A with r.m.s. roughness c-|=4.2A. In this case

the diffuse scattering measured near the specular peak showed that the

roughness was laterally conformal at least on length scales £5000A. A novel

geometry was developed by Als-Nielsen and Pershan [9], to bend the incident

beam downwards and thereby perform reflectivity measurements on liquid

surfaces where the sample must remain horizontal. This technique was used

by Braslau et al.[10] to measure the specular reflectivity and thus the roughness

of a bulk water surface. They showed that the Gaussian width of the interface

was 3.2A, which is consistent with thermally generated capillary waves. In the

thicknesses of the films in Garoff et al.'s [7] experiment, one would not expect

substantial roughness contributions from capillary waves which get cut off at

wavelengths comparable to the water depth.[11] From this data, one can see

that as the water layer gets thicker the roughness imposed by the substrate

decreases and is consistent with the roughness remaining conformal on length



- 12 -

scales greater than the thickness. By measuring the reflectivity as a function of

height and history (advancing and receding) information regarding this system

was obtained [7],

PHYSISORBED SURFACTANT MONOLAYER: Reflectivity has

also been used to study the properties of a physisorbed monoiayer of DSPC

(C18-Phosphotidylcholine) on a SiC>2 surface.[12] One can use reflectivity to

determine the density profile normal to the surface. Since the molecules can

rearrange themselves on the surface, interesting phase transitions can take

place in such systems. Of particular interest is the in-plane structure and the

effect of temperature on such a monoiayer. To study the in-plane structure one

must perform grazing incidence x-ray scattering (GIXS) using synchrotron

radiation. Using reflectivity, detailed information regarding p(z) can be

obtained. Even with a conventional x-ray source, reflectivity can yield a great

deal of information regarding the average layer thickness, coverage, transition

temperatures, reproducibility and kinetics.

In this case, the phospholipid was deposited on a cleaned substrate by

immersing it in a dilute chloroform solution and allowing the excess solution, to

run off before evaporating. In contrast to the GIXS work of Seul, Eisenberger

and McConnell [13], where the monoiayer sat "heads up" on a silanated

substrate, these monolayers are "heads down". The measurements were

carried out in a temperature controlled cell containing dry nitrogen. Upon initial

heating to a temperature below 60°C the thickness of the monoiayer increased

irreversibly from -24.3A to 25.7A. As long as the temperature did not exceed

60°C this change was irreversible. This may be due to a change in structure

caused by the expulsion of trapped solvent or water. The sample thus prepared

would not change thickness as the temperature was varied reversibly between

22°C and 60°C, however, the depth of the first minimum would increase

systematically and reproducibly as the temperature was increased over that

range. This is consistent with an increased roughness of the surface containing

the hydrocarbon tails of the monoiayer. At a temperature between 60°C and

65°C, the thickness of the monoiayer begins to decrease. The rate of decrease

increased with increasing temperature. For example, at 70°C the spacing
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decreases to 22.9A over a period of 50 hours, while at 92°C it takes 9 hours.

One can interpret this result as a chain melting transition, which is know to occur

in that temperature range in bulk samples [14]. In order for this transition to

occur in such a monolayer, the surface area per molecule must increase and

desorption must occur. Unlike chemisorbed systems where the surfactant is

strongly bound to the substrate (such as silanes studied in detail using x-ray

reflectivity by Tidswell et al.[15]), phospholipids can move about the surface.

The kinetics, however, appear to be rather slow. Upon cooling the average

spacing appears to increase again, but very slowly. After cooling from a

spacing of 19.8A, an average thickness of 25A was observed after 3 weeks,

however, the first minimum was not as deep as before desorption. This is

suggestive of the possibility that the molecules are desorbed from the surface

and upon cooling, one eventually gets large patches of ordered surfactants and

regions of lower coverage.

Clearly such reflectivity data does not totally characterize the system, and

more detailed measurement (using the synchrotron source) can yield data

which can determine the normal density profile more precisely. Synchrotron

GIXS is necessary to determine unambiguously the in-plane structure, but

reflectivity is an extremely powerful tool. The above measurements were done

using reflectivity on a rotating anode, and clearly with such slow kinetics, it

would not be feasible to carry out this measurement at the synchrotron alone.

By using reflectivity with an in-house x-ray source, one can precharacterize a

system, and then use the synchrotron to determine the details of the density

profile as well as in-plane structure.

ADSORBED POLYMERS: Another example of the use of x-ray

reflectivity is to study the density profile of an adsorbed polymer. Clearly, the

experimental method and interpretation would be straightforward for a polymer

at a solid-gas interface. However, one of the interesting problems is what

happens to the density profile of absorbed polymers in different types of

solvents. X-rays experience a large amount of attenuation on passing through

bulk solvent, however the flux produced by a synchrotron source can

compensate for this. Neutron reflectivity on such systems has been employed
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[16] by having the neutrons incident through a single crystal quartz substrate.

This trick cannot be employed in the case of x-rays. With neutrons, however, the

maximum incident flux is quite low (~1G6), while one can get 108 photons/sec

from a rotating anode and >1012 at a synchrotron. We have found [16] that by

stretching very thin mylar (such as that used in capacitors) over the substrate,

one can trap a thin layer of solvent underneath. Since the mylar is not nearly as

smooth or as flat as the quartz substrate, the air-mylar and mylar-solvent

interfaces do not give a specular peak. They do give rise to relatively flat diffuse

scattering which can be subtracted out, as described above. The specular

reflectivity can then be interpreted as described above, with the addition of a

correction for the attenuation of the thin mylar and solvent which decreases with

increasing angle. At the synchrotron, one can increase the energy of the

photons to decrease that attenuation. Preliminary rotating anode results,

showed an adsorbed polystyrene layer, which was collapsed to 40A in air, swell

to 115A in cyclohexane.

Some other applications of x-ray reflectivity include studies of liquid

surfaces[17], liquid crystal surfaces[18], surfactants on liquid surfaces, organic

multilayers[19], metallic and semiconductor multilayers[20], superfluid helium

wetting layers on a solid substrate[21], and roughening and melting of atomic

surfaces[22].

In conclusion, it is apparent that x-ray reflectivity is a powerful technique

for studying many surface problems, by itself or in conjunction with other

techniques. While in-house x-ray sources provide sufficient flux for many

reflectivity measurements, the high brightness of the synchrotron allows

measurement over many more orders of magnitude, increasing the ability to

accurately determine p{z). In addition, the brightness of the synchrotron allows

the use of very small beam sizes so that samples need not be very large. The

high intensity is also needed to measure diffuse scattering.

Parts of the work presented here were done in collaboration with S.K.

Sinha, S. Garoff, M. Alvarez, G. Hughes and H.B. Stanley. I wish to thank K.S.

Liang, G. Hughes and S.K. Sinha for help and discussions relating to the

preparation of this manuscript.
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Fig. 4} Schematic showing 2 surfaces whose roughnesses are conformai on
long length scales, but non-conformal on shorter length scales.
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THE STRUCTURE OF LIPID MONOLAYERS ON WATER:

A Summary of Recent X-ray Diffraction Results

P.Dutta

Dept. of Physics & Astronomy, Northwestern University, Evanston, IL 60208

Most insoluble molecules that have a hydrophilic portion ('head') and a hydro-

phobic portion ('tail') will form monomolecular films on the surface of water. Of all

monolayer systems, these are by far the most familiar, since such 'amphiphilic'

molecules are ubiquitous: soap is a well-known example. Langmuir's discovery that

fatty acid and salt monolayers show discontinuities [1] marked the beginning of over

seventy years of monolayer phase transition studies [2]. Membrane phospholipids are

also members of this class of molecules; the membrane bilayer structure is a low-energy

configuration within an aqueous environment, just as the monolayer is at the surface.

Recent studies [3] showing that the isotherms of highly purified materials have un-

ambiguously flat sections (rather than the rounded transitions previously reported),

have helped to reconcile membrane specific heat data (showing first-order transitions)

with monolayer isotherm data. It can now reasonably be claimed that Langmuir

monolayers are model membrane systems [4]. Monolayers have an obvious advantage

over membranes in that they are easier to manipulate; in particular, the density can

easily be varied over a wide range in a Langmuir trough. Moreover, the air-water inter-

face is in principle more accessible to experimental probes such as X-rays than mem-

branes in a bulk aqueous environment.

However, it was only in 1987 that the first X-ray diffraction results from Lang-

muir monolayers were reported [5,6]. The substrate is disordered and thus creates a
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high background even when one stays below the critical angle for total external reflec-

tion; unfortunately, the critical angle is low (about 2xlO*3 radians), which means that

the number of incident photons is reduced. Moreover, the monolayers have turned out

not to be single crystalline when ordered, but are powders in the plane, so it is not sur-

prising that diffraction peak intensities are low (about 10-50/sec above a background of

perhaps lQO-200/sec.) even with synchrotron radiation. The diffraction plane must of

course be horizontal, which means that achieving even moderately high resolution

requires a loss of intensity when horizontally-polarized bending magnet radiation is

used. It is probably unnecessary to belabor the fact that intense, highly-collimated,

preferably vertically polarized radiation~as produced by, say, an undulator at the

Advanced Photon Source-would be ideal for this kind of research.

Langmuir film isotherms usually show either a 'kink' (a discontinuous increase in

slope as the area per molecule is decreased), a 'flat section' (often not quite flat, but

separating two steeper sections), or both. Reasonably enough, 'kinks' are presumed to

indicate continuous transitions, while 'flat' sections are considered to be first-order

transitions. If an isotherm has one such feature, it is labelled a solid-liquid transition; if

it has both, the transition at higher density is assumed to be the melting transition, while

the other is thought to be a transition between two kinds of liquids. Such postulates

have been made for many years in the absence structural information.

Our studies of heneicosanol (C^jH^OH) [8], whose isotherm has a kink but no

flat section, show that there is a single diffraction peak at about 1.5 A'1 whose height is

independent of pressure above the kink; its height slowly drops as the pressure is

lowered below the kink, and finally vanishes a few dynes below it. The peak width

remains constant, however, indicating that the kink is noj a continuous melting transi-

tion. It may mark a tilting transition that moves the diffraction peaks out of the horiz-

ontal plane in which scans are being performed; or perhaps the kink is the point at

which all gauche configurations are squeezed out. Using a different system, DMPA
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(dimyristoyl phosphatidic acid, a phospholipid whose isotherm has both a kink at high

pressure and a flat section at lower pressure), Kjaer et al. [5,7] also find that the peak

drops when the pressure is reduced below the kink, and finally vanishes well above the

flat section; however, their peak also widens by a factor of 10.

Very recently we have studied heneicosanoic acid ( C J Q H ^ C O O H ) , whose

isotherm shows the same qualitative features as DMPA. This material shows strong

hysteresis as a function of pressure: nucleation occurs (with a time scale of several

minutes at 5°C) several dynes above the flat section if the pressure is being increased,

but the diffraction peak persists several dynes below this discontinuity when the pres-

sure is being decreased. This would seem to indicate a first-order melting transition (or

a hysteretic tilting transition). For DMPA [5,7], as stated earlier, no diffraction peaks

are reported until the pressure is several dynes higher than the pressure at the flat sec-

tion. I do not know if the results were identical for both increasing and decreasing pres-

sure, and the authors do not report seeing any time-dependent nucleation. On the

other hand, fluorescence microscopy [5] confirms that the flat section in the DMPA

isotherm is a first-order transition, since a coexistence of phases is seen with one phase

increasing at the expense of the other phase as one moves across the flat section.

Apparently the denser phase is not a solid phase (or, of course, it may be tilted!)

As the temperature is lowered at high pressure, we find [8] that the single peak

in heneicosanol splits into two; in other words, the films undergo a transition from a

hexagonal structure to a distorted (pseudohexagonal) structure. No evidence of this

phase transition is visible in the isotherms, providing further support for the commonly

expressed belief that isotherms are a poor basis from which to deduce phase diagrams.

We also see a 'superheated' pseudohexagonal structure-possibly induced by the shear

resulting from uniaxial compression-even above the transition temperature [9]; this

structure gradually decays into the hexagonal phase, with the nucleation rate being a

strong function of temperature. It is well known (although not always readily acknowl-
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edged) that Langmuir films sometimes relax with time; it is now clear that at least part

of this relaxation is due to microscopic mechanisms, rather than 'spurious' effects such

as slow collapse.

As the above selective summary makes clear, these studies are at an exciting

stage. Here is an incomplete list of possible future research directions. Of course, ver-

tical scans along the diffraction rods are needed to determine whether the molecules

are tilting uniformly or forming a disordered phase when the in-plane peaks lose inten-

sity and vanish. Neither we nor Kjaer et al. see second-order peaks, although Wolf et

al. [10] do see a second-order peak using palmitoyl-(R)-lysine, a molecule selected for

its ability to cross-link in the plane. To unambiguously determine structure, it is of

course essential that higher-order peaks be seen in the classical, well-characterized sys-

tems in which no chemical bonding occurs. After the behavior of classical systems is

fully understood and the apparent differences between different systems reconciled, we

hope to go on to more exotic systems, such as unusual molecules (e.g. valinomycin, a

ring-shaped surfactant whose isotherm has never been fully explained), or mixtures of

two or more film-forming compounds. In the long term, with radiation from the

Advanced Photon Source, it is possible that ordered arrays (2D superlattices) of

macromolecules (e.g. proteins imbedded in a phospholipid monolayer) can be studied.
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X-RAYS AS PROBES OF ELECTROCHEMICAL
INTERFACES

Hector D. Abrufla
Department of Chemistry

Cornell University
Ithaca, New York 14853-1301 USA

We have employed x-ray absorption spectroscopy, including surface EXAFS
(extended x-ray absorption fine structure) and x-ray standing waves (XSW) in the in-
situ study of electrochemical interfaces.

In the case of surface EXAFS, we have studied the underpotential deposition
(UPD) of copper on Pt (111). Experiments were performed at half-monolayer
coverage and the plane of polarization of the x-ray beam was parallel to the electrode
surface so that the experiment was most sensitive to in-plane scattering of copper by
other copper neighbors. From analysis of the data, we determined a Cu-Cu distance of
2.85A which is very close to the Pt-Pt distance in the (111) direction and suggests that
the copper atoms are present at three-fold hollow sites and that they form a
commensurate layer with the platinum substrate. More important, however, was the
finding that the average number of Cu near neighbors was six. This strongly suggests
that at half-monolayer coverage the surface is better represented by one that has large
clusters than by a surface that is randomly decorated with copper atoms or covered with
a lattice with a large interatomic spacing. This is significant since it is a direct
experimental documentation of a mechanism where monolayer formation involves
nucleation and growth rather than random deposition with subsequent coalescence.

We have also performed in-situ EXAFS measurements on chemically modified
electrodes. Specifically, we have studied films of {M(v-bpy)3]2+ (v-bpy is 4-
vinyl^'methyl-a^'bipyridine; M = Ru, Os) and [Os(v-bpy)2(phen) ] + 2

electropolymerized onto a platinum electrode and in contact with an acetonitrile/0.1M
TBAP (tetra n-butyl ammonium perchlorate) solution and under potential control. We
find that for electrodes modified with five or more monolayers of [Ru(v-bpy)3]+2 the
spectra are indistinguishable from that of the bulk material. (It should be mentioned
that a monolayer of [Ru(v-bpy)3]+2 represents about 5.4x1013 molecules/cm2

which is about 5% of a metal monolayer. This is mentioned since it is the metal centers
that give rise to the characteristic fluorescence employed in the detection.) Upon fitting
of the data for phase and amplitude we obtain a Ru-N distance of 2.06A and a coordination
number of six. These correlate very well with the known values of 2.056A and six,
respectively. In addition, we also find that there is little difference between the
electrodeposited polymer and the monomeric parent compound in terms of the near edge
spectral features, pointing to a similar geometric disposition of scatterers.
Furthermore, changes in oxidation state can be monitored by the shift in the position of
the edge. For example, upon oxidation of the polymer film (at +1.60 V) from Ru(ll) to
Ru(lll), the edge position shifts to higher energy by about 1.5 eV. Thus, one can
determine the oxidation state of the metal inside a polymer film on an electrode surface.

These results indicate that the structure of electroactive polymer films and the
oxidation state of the metal center can be obtained at relatively low coverages and this
should have important implications in trying to identify the structure of reactive
intermediates in electrocatalytic reactions at chemically modified electrodes.

Since in x-ray absorption spectroscopy the magnitude of the edge jump is
proportional to the number of absorbers, its potential dependence can be employed in
constructing electrosorption isotherms in-situ and we have carried out such a study on
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iodide adsorption on a Pt(111) electrode surface in contact with a solution containing
0.05mM Nal, 0.1 M Na2SO4 at a pH of 6.7. The isotherm, shown in Figure 1A exhibits

A
B

1 YI«W on Pt(111)
1 Yield on LSM

-0 .8-0.6-0.4-0.2 0.0 0.2 0.4 0.6

Potential (volts vs Ag/ AgCl)
Figure 1

several noticeable features. At the most negative potentials, the iodine coverage drops
rapidly with decreasing potential, attaining essentially zero coverage at -0.90 V. At
potentials above +0.30 V, the iodine coverage increases rapidly with potential and at
intermediate potentials there are two plateaus separated by a transition. The behavior at
negative potentials is ascribed to repulsion of the iodide by the electrode whereas as the
most positive potentials the increase in the signal is ascribed to faradaic charge flow (to
generate tri-iodide or a related species) followed by association with the adsorbed iodine
layer. The two plateaus at intermediate potentials appear to represent a change in
structure and coverage from 3/9 to 4/9 of a monolayer.

In the area of x-ray standing waves, have studied the potential dependence of the
adsorption of iodide onto a Pt/C LSM. In this experiment we simultaneously monitored
the reflectivity across the first order Bragg reflection as well as the characteristic
iodine fluorescence intensity.

Figure 2 shows curves for the normalized iodide fluorescence intensity as a
function of potential as well as a reflectivity profile. The data indicate that at the most
negative potentials, (e.g. -0.90 V) the iodide coverage is essentially zero as the
electrode repels the negatively charged ion. As the potential is made progressively
positive, the iodide fluorescence intensity increases and the peak maximum shifts to
lower angles up to a potential of +0.40 V. At +0.49 V, the fluorescence intensity begins
to decrease and the peak maximum again moves towards higher angles. Qualitatively,
these data appear to indicate that at -0.90 V there is no iodide adsorbed and that the
coverage increases as the potential is made progressively positive. The movement of the
peak maximum to lower angles indicates that, on average, the interfacial iodine density
is moving away from the electrode surface. This is ascribed to association of the
product(s) of faradaic charge flow (such as tri-iodide or a related species) followed by
association with the adsorbed iodine layer. The subsequent decrese in intensity is
ascribed to discharge of this layer (possibly in the form of iodate).

The iodide fluorescence intensity was normalized and plotted vs. potential to yield
the electrosorption isotherm shown in Figure 1B which is in excellent agreement the
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previously discussed results obtained via x-ray absorption spectroscopy on a platinum
(111) electrode (Figure 1A).
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X-ray Scattering Studies of Transitions on Metal Surfaces

G. A. Held

IBM Research Division
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Synchrotron x-ray scattering provides an important tool in the study of sur-

face phase transitions. High resolution as well as weak interactions with mat-

ter make x-ray synchrotron radiation unique amongst surface scattering

probes. In the case of a clean unreconstructed surface, scattering from in-

plane (ie, grazing incidence), anti-Bragg points along the crystal truncation

rods (these points are commonly known as bulk-forbidden or surface peaks)

provides important information about the surface morphology as well as the

statistical distribution of atomic steps. In the case of a clean reconstructed

surface, superlattice peaks as well as surface peaks are present. These can

be used to probe the structure of the reconstruction, as well as the mechanism

by which the surface "deconstructs" with temperature. In a third case, when

a monolayer of rare gas is adsorbed incommensurately onto a metal substrate,

the corrugation potential which the metal substrate exerts on the rare gas is

an order of magnitude weaker than the corrugation potential of a graphite

substrate. The scattering from the incommensurate surface rods can provide

information about the 2-dimensional melting of the rare gas monolayer as a

function of temperature. Examples of these three cases follow.
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Ag (110) is an unreconstructed surface which is found to roughen as a

function of temperature1. Using scattering from the bulk forbidden (1TO) sur-

face peak as a probe, one obtains direct information about thermal variations

in the height-height correlation function. Specifically, it is found that the sur-

face undergoes a roughening transition at TR — 450 + 25° C. Below TR the

surface peak is a superposition of Bragg (5-function) and power law

lineshapes, with the Bragg component falling to zero at TR . Above TR, the

peak is well described by a power law lineshape, indicating that the rough

phase is characterized by logarithmically divergent height fluctuations. The

lineshape exponent r\ ̂  0.6 at TR.

At low temperatures, the Au (110) surface is known to reconstruct. At Tc=

485°C, the 1x3 reconstructed surface undergoes a reversible deconstruction

transition. Observing the temperature dependence of the superlattice and in-

tegral order bulk-forbidden (anti-Bragg) surface peaks, it is found that at Tc the

1x3 reconstructed surface becomes incommensurate with the bulk crystalline

lattice2. During this commensurate-incommensurate transition, the surface

both roughens and deconstructs.

In the third experiment, a Xe monolayer is adsorbed on Ag (111). At high

temperatures (T>100K) all features of the melting transition are, within errors,

found to be the same as those found for xenon on graphite. Specifically, in

both cases the xenon solid melts into a "hexatic phase" with essentially iden-

tical hexatic stiffness. This strongly suggests that the existence of the hexatic

phase is a feature of the two dimensional melting process rather than the

adsorbate-substrate interaction3 .
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The Use of Polarization in X-ray Absorption Spectroscopy
Applications to Chemical Problems

James E. Penner-Hahn
Department of Chemistry, University of Michigan

Ann Arbor, MI 48109-1055

The goal of this review is to illustrate some of the advantages to be
gained from utilizing the plane-polarized nature of synchrotron radiation
when measuring x-ray absorption spectra. This is a field which has grown
dramatically in recent years [1-3], and I have made no attempt to present
an exhaustive review of the literature. In particular, studies which
emphasize surface characterization have been excluded. This is in part
because such work is discussed in detail elsewhere (for example the
discussion by Stohr in this volume). In addition, this bias is based on the
recognition that surface scientists, perhaps because of the inherently
anisotropic nature of their samples, have long recognized the value of
polarized measurements. On the other hand, those making "bulk" x-ray
absorption measurements (frequently of biological or chemical systems)
have largely ignored the advantages of polarization dependent
measurements. It is toward this latter audience that this review is
directed.

In the most general sense, x-ray absorption spectroscopy (XAS)
experiments are performed either to learn about the structure of a sample
or to learn about the basic nature of the x-ray absorption process. In both
regards, polarization dependent measurements play an important role.
The requirements for such measurements are simple: A polarized x-ray
source and an oriented sample. The former is a natural property of
synchrotron radiation, and oriented samples can be produced by a variety
of methods.

Single crystals are the most obvious source of oriented samples. It
may seem on first consideration that there is no point in measuring x-ray
absorption spectra for crystalline samples, since x-ray diffraction can
provide more detailed structural information than is available from XAS.
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One of the goals of this review is to refute this view. In addition, polarized
XAS can be extremely useful in structural studies of ordered, but non-
crystalline samples. Recent examples include studies of fibers,
membranes, and films.

A particularly interesting method for "orienting" samples is illustrated
by a recent study of gaseous CH3CI [4]. Polarized fluorescence spectra are
observed at the Cl K edge. The "orientation" of the sample is accomplished
by the fact that dipole selection rules limit the initial photoabsorption to
molecules having a particular orientation relative to the electric field
vector of the x-ray beam. Since x-ray fluorescence is rapid in comparison
with molecular rotations, the resultant emission spectra are polarized.

For purposes of the following discussion, polarized measurements are
divided according to whether they seek to determine structural properties
of a completely unknown sample, to investigate in detail a particular
structural feature of a structurally characterized material, or to use a
structurally oriented sample to investigate a particular feature of x-ray
absorption spectroscopy.

Structural Characterization of Unknown Samples.

Cramer, George, and co-workers have made extensive use of polarized
XAS to structurally characterize metalloproteins. One system which they
have studied is the Fe/Mo/S protein nitrogenase. Extensive solution EXAFS
measurements had demonstrated that the Mo environment consisted of ca.
3 sulfurs at 2.3 A and ca. 3 Fe atoms at 2.7 A, with possibly one or two
low-Z ligands [5]. On the basis of these measurements, a variety of
structures having varying degrees of asymmetry had been proposed.
Since crystalline samples of nitrogenase were available, it was possible to
use polarized measurements to distinguish between the possible structural
models. Although the structure of this protein has not yet been solved, the
available crystallographic information was sufficient to identify the
molecular 2-fold axes. Given this information, the orientation dependence
of the polarized EXAFS spectra for nitrogenase single crystals could be used
to determine the asymmetry of the Mo site [6]. For different orientations,
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the Mo-Fe component of the Mo EXAFS varied vi intensity by a factor of
2.5 while the Mo-S component varied by only !C15%. From this it was
concluded that highly asymmetric models (e.g. linear Fe-Mo-Fe ) and
totally symmetric models (e.g. tetrahedral MoFe4) were both inconsistent
with the data, while intermediate models (e.g. tetrahedral MoFe3 or
square-pyramidal MoFe4) were possible.

Similar studies have been carried out on the membrane bound protein
cytochrome oxidase [7] and on the photosynthetic oxygen evolving complex
[8]. In these cases, approximate one dimensional order is afforded by
partial dessication of membraneous proteins on Mylar films. The
membranes, and hence the membrane bound proteins, are oriented such
that all of the membrane normals are parallel, however there is no
preferred angular orientation within the membrane. For cytochrome
oxidase, polarized EXAFS measurements have provided information on not
only the distances but also the directions for the M-ligand vectors (M=
both Cu and Fe). Since the heme environments are known from polarized
optical and EPR spectroscopy, these EXAFS results can be used to develop a
more complete three dimensional structure for the metal sites.

Oyanagi and co-workers [9,11-14] and Krone and co-workers [10] have
used polarized X-AS to investigate the structure of halogen doped
polyacetylene. As with membranes, polyacetylene fibers have two unique
directions: parallel and perpendicular to the fiber axis. The most recent
XAS results suggest that the halide ions are present as X3" chains at low

halide doping and are covalently bound to the chain at higher doping
levels (> 10%). A particular advantage of polarized measurements for this
work is the fact that they allow one to distinguish between Br-Br and Br-C
EXAFS due to the different orientation dependence of these signals.

Other areas where polarized measurements have found application
include Langmuir-Blodgett films [15] and intercalated graphite [16]. In
both cases, the samples have known two-dimensional structures. With this
information in hand, the XAS polarization dependence can be used both to
determine sample orientation and to enhance the sensitivity to particular
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structural features (distinguishing, for example, between intra-intercalate
EXAFS and intercalate-graphite EXAFS).

In depth Study of Structurally Characterized Samples.

Even when complete three dimensional structures are available, useful
information can be obtained from polarized XAS. One particularly
productive such area has been the investigation of pair-distribution
functions using polarized EXAFS. It is well known that EXAFS provides
information about thermal motion (the so-called Debye-Waller factor)
which is complementary to that obtained from crystallography. In
particular, EXAFS can be used to determine relative inter-atomic motion
while crystallography generally gives only information on the motion of
individual atoms about their mean positions.

In analysis of the polarized EXAFS spectra for metallic zinc [17], Beni
and Platzman [18] were able to determine the mean-square relative
displacements (MSRD) of Zn atoms parallel and perpendicular to the basal
plane. The experimental results agreed well with simple calculations in a
Debye model. Similar information was obtained from polarized GeS EXAFS
[19]. For metallic Cd, polarized measurements [20] revealed that the MSRD
values were very different for the first and second shell Cd neighbors, thus
providing an explanation for fact that the second shell Cd atoms are not
detectable in room temperature EXAFS [21].

In the examples thus far, the principal use of polarization has been to
determine the anisotropy of the MSRD. A somewhat less obvious
application of polarized measurements is to improve the resolution of the
EXAFS experiment. Thus for Z11F2, polarized EXAFS measurements

permitted resolution of two different shells of fluoride at 2.042 and 2.015
A [22]. Such resolution would not have been possible in isotropic
measurements.

For the blue-copper protein plastocyanin, polarized XAS was used to
investigate the Cu-S(Met) interaction [23]. The plastocyanin crystal
structure had shown that there was a methionine sulfur at 2.9 A from the
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Cu, however there was no evidence for a S(Met) component in the isotropic
Cu EXAFS. Possible explanations included thermal disorder (large MSRD as
discussed above for Cd) and/or destructive interference. In the latter
model, destructive interference between Cu-S(Met) and Cu-C(imidazole)
EXAFS could lead to the non-detectability of Cu-S(Met) EXAFS. Polarized
measurements showed that Cu-S(Met) EXAFS was not detectable even for
an orientation which maximizes the Cu-S(Met) contributions and minimizes
the Cu-C(imidazole) contributions to the EXAFS, thus ruling out destructive
interference. More recent measurements at cryogenic temperatures [24]
have confirmed the EXAFS non-detectability of Cu-S(Met) EXAFS, thus
indicating that the thermal motion of these atoms must be largely
uncorrelated.

A third application of polarized measurements for structurally
characterized materials arises when one wishes to determine interatomic
distances with a precision better than that which is obtainable using
diffraction. This most often arises in the case of metalloproteins, where
the best available structures can only provide metal-ligand bond lengths
with a precision of ca. ±0.05 to ±0.10 A. Bianconi and co-workers have
examined the polarized XANES of CO myoglobin in an attempt to determine
the Fe-C-0 angle [25]. This question is difficult to answer using
crystallography, both because of resolution limitations and because of
disorder in the CO. Polarized XAS measurements should, in principle, be
helpful in elucidating this problem. Recent results [26] suggest that
Bianconi's conclusion, that the Fe-C-O unit is bent, is probably incorrect.
This does not, however, indicate any intrinsic limitation in the polarized
method, but rather is a reflection of the difficulty in obtaining quantitative
structural information from XANES spectra.

Polarized XAS measurements have also been used to investigate the
structure of the Fe/S clusters in the 7 Fe ferredoxin from Azotobacter
vinelandii. Crystallographic studies had indicated that this protein
contained a symmetric 4Fe/4S cluster and a novel, planar 3Fe/3S cluster
[27]. The latter had Fe-Fe distances of 4.2 A, in contrast with the 2.7 A Fe-
Fe distances found in other Fe/S clusters. The large number of different Fe
atoms in this protein complicate interpretation of the EXAFS, however the
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cluster orientations were such that crystals could be aligned so as to either
maximize or minimize the contribution of the 3Fe/3S Fe-Fe signal to the
overall EXAFS. Polarized EXAFS measurements [28] showed no evidence
for a 4.2 A Fe-Fe distance (which is perhaps not surprising in view of the
long distance), however, surprisingly, they showed pronounced
orientational dependence for the 2.7 A Fe-Fe EXAFS features. Since the
4Fe/4S cluster is highly symmetric the 2.7 A Fe-Fe EXAFS from this cluster
will have no orientational dependence. These results thus demonstrated
that the 3Fe/3S cluster must contain a 2.7 A Fe-Fe distance. This
conclusion has recently been confirmed by a redetermination of the crystal
structure [29]. Isotropic EXAFS spectra of the 7 Fe protein would have
been of little value in distinguishing between the original and the current
structures since, from the Fe perspective, these differ only in the number
of Fe-Fe neighbors at 2.7 A, and EXAFS is notoriously bad at determining
coordination numbers.

Detailed Studies of XAS.

The examples discussed thus far have illustrated some of the ways in
which one can utilize polarized measurements to enhance the structural
information which is obtained from XAS. Of at least equal importance are
those experiments which utilize polarized measurements of structurally
characterized materials to investigate fundamental properties of x-ray
absorption. In an early such study, Stern, Sayers, and Lytle [30]
investigated the polarized XAS of TaS2 at the Ta L3 edge. This was among

the first studies of L-edge EXAFS and the polarized measurements helped
to establish that the EXAFS expressions used for K-edge studies could also
be applied to L edge measurements.

In contrast to this EXAFS study, most of the examples in the present
category involve XANES, since XANES spectra remain poorly understood.
Although there is general agreement on the fundamental nature of the
processes which give rise to XANES spectra, there does not, at present,
exist a theory which is capable of uniquely associating an observed XANES
spectrum with a molecular structure. Polarized XANES spectra of model
compounds are valuable in this regard, since they can be used to test
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prospective theories more rigorously than is possible using isotropic
measurements. In addition, polarized measurements are an important
contribution to an empirical library of XANES spectra which can aid in the
interpretation of the XANES structure of unknown compounds.

The ls-»3d transition for first transition series metals appears as a
weak feature ca. 5-10 eV below the main edge. Although this transition is
formally forbidden in a centrosymmetric environment, it is observed to be
weak, but not absent, for all samples having at least one unoccupied d
orbital. The observed intensity could arise either from direct quadrupole
coupling of the Is and 3d orbitals or from dipole-allowed vibronic
coupling. In order to distinguish between these mechanisms, a crystal
containing Cu(II)Cl4^~ ions was oriented with the Q1CI4 plane parallel to

the e and k vectors of the x-radiation [31]. The Is-* 3d intensity showed
4-fold periodicity as the crystal was rotated about the normal to the CUCI4

plane, thus providing unambiguous evidence that direct quadrupole
coupling is the dominant mechanism contributing to ls-»3d intensity.
Recent work [32] shows that the same phenomemon is observed for
Co( I I I ) (NH3)g3 + ions, giving in this case the unusual observation of

orietational anisotropy for an octahedral molecule, due to the quadrupole
selection rules.

Certain low-symmetry complexes, particularly those having very short
M-O bonds (e.g., vanadyl complexes) have extremely intense transitions in
the ls-3d region. Polarized measurements [33,34] have shown these
transitions to be polarized in the M=O direction, leading to the suggestion
that they are charge-transfer like transitions, involving excitation from the
Is orbital to a M-O %* antibonding molecular orbital. It is the mixing of p-
symmetry oxygen orbitals with the metal 3d ground state that gives rise to
the strongly allowed character of these transitions.

The higher energy XANES features have also been studied using
polarized measurements. Kosugi et al. have reported an extensive series of
polarized XANES measurements for Cu and Ni complexes [35-37]. The
observed spectral features are interpreted in terms of the local electronic
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structure of the metal site, including ls-»np transitions and multielectron
(shakedown) transitions. A rather different interpretation of similar
spectra has been provided by Smith et al., using an Xa framework [38-39].
It is not clear at this point whether the apparent differences in these two
treatments represent real differences of interpretation or merely different
ways of describing the same result. Regardless of interpretation, it is clear
that XANES spectra are frequently highly anisotropic. In particular,
square-planar complexes are frequently found to have an intense z-
polarized transition on the low energy side of the absorption edge. Scott
has used this finding to interpret XANES spectra for Ni in CO
dehydrogenase [40].

At higher energy still, above the principal absorption discontinuity,
there are a number of absorption features which appear, empirically, to be
sensitive the the three-dimensional structure of the absorbing atom. In
the case of iron porphyrins, Chance has dubbed two of these features, lying
40-60 eV above the absorption edge, as the "ligand-field indicator region"
(LFIR). Recent polarized XANES of 6-coordinate Fe(III) porphyrins have
shown [41] that the LFIR peaks are in fact a complicated superposition of
resonances arisins from axial ligands and resonances from in-plane
scattering. From these spectra it is clear that the relative intensitites of
the LFIR transitions are related to expansion of the porphyrin core and not
to displacement of the Fe from the porphyrin plane.

Future Prospects.

It has been the intent of this review to illustrate some of the areas in
which polarized XAS measurements have provided unique information
which could not have been obtained from conventional isotropic XAS
spectra. As regards future work, there exist a number of areas in which
polarized measurements could be useful. For biological systems, it is likely
that there will continue to be structural questions which cannot be
answered by even high resolution protein crystallography. This will
become particularly true as larger crystal structures are solved, since the
metal sites in such structures are often poorly defined. The combination of
crystallography to determine overall three-dimensional structure and
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polarized EXAFS to refine local metal-site structure is particularly
powerful. A second area likely to see substantial future work is high Tc

superconductors. Many of these materials are naturally anisotropic and
thus well suited to polarized measurements.

Another area ripe for future advances is the orientation of materials
for polarized studies. Polarized XAS of membrane bound proteins was
discussed above, however the potential of this area has yet to be fully
exploited. Other orientation methods which could be explored include
liquid crystals and magnetically ordered materials. A particularly
interesting examples of the latter is the x-ray circular dichroism which has
been observed for ferromagnets in a magnetic field [42]. Also of potential
interest are polarized EXAFS studies of poorly crystalline materials, i.e.
crystals that are not sufficiently "perfect" to permit high-resolution
crystallographic investigation, but which are nevertheless sufficiently
ordered to permit polarized EXAFS studies.

The next generation of synchrotron sources will create a variety of
new opportunities for polarized XAS studies. The high brightness of these
sources will permit measurement of polarized XAS data for crystals which
are too small to be studied using current sources. Another area which has
not yet been fully exploited is the use of circularly polarized x-ray beams
to study chiral materials. The next generation of x-ray sources will
faciliate such measurements.
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THE ROLE OP X-RAY ABSORPTION SPECTROSCOPY IN
ELECTRONIC STRUCTURE STUDIES

E.ErcanAlp
Argonne National Laboratory, Argonne, Illinois 60439

The X-ray Absorption Near Edge Structure (XANES) spectroscopy has been profitably

exploited in recent years to obtain electronic as well as structural Information about bulk

materials, surfaces, microclusters, molecules, and of highly dispersed catalysts. The x-ray

absorption process Involves electronic transitions between initial states which are atomic-like

core levels and empty final states above the Fermi level. The final states accessible are

determined by the electric dlpole selection rules. However, some forbidden transitions become

allowed for atoms in a lower symmetry environment. This feature essentially forms the basis of

structural Information that can be obtained from XANES studies. It should be noted, however,

that this spectroscopy provide information about the excited state of the atoms, due to the

existence of a core-hole state. This is a mixed blessing; the nature of relaxation of the core hole

provides information about the Interaction strength between ligands and the atom, despite the

fact that it is difficult to calculate this effect exactly. Hence, the Information about the ground

state of the absorbing atom Is Indirect.

The atom specific nature of this spectroscopy requires x-ray sources that are broadly

tunable in energy. The absorption energies of elements can range from few electron volts (16 eV

for hydrogen Is to 2p transition) to over 100 kilo electron volts (115.606 eV for uranium Is to 7p

transition). Naturally, there is no single light source which can provide photons covering this

energy range with enough Intensity to make a measurement practical. However, with the

availability of synchrotron x-ray sources, this has been overcome to a great extent. Ultraviolet

and soft x-ray sources as well as hard x-ray sources are now routinely available in the USA as

well as abroad. On the other hand, there are limitations in our ability to monochromatize this

white radiation. The methods used to monochromatize radiation vary as the energy Is changed.

For example, grating monochromators provide good energy resolution below 1000 eV, while

silicon or germanium crystals can be used between 2.4 and 20 keV. This leaves a gap between 1 to

2.4 keV. Unfortunately, this region covers K absorption edges (Is to 2p) of Na. Mg. Al, Si. and P.

which are commonly found In many systems. The efforts to use InSb. Beryl, or YBQQ and

artificially grown multilayers with suitable periodicity to monochromatize radiation from

synchrotron sources proves to be overcoming this problem (1)

The near edge absorption region in x-ray absorption spectrum Is typically defined

between 10 to 20 eV below the atomic absorption energy, and 30 to SO eV above, before the EXAFS

oscillations start. These oscillations are due to the interference between outgoing and
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backscattered electron waves, and contains structural Information in terms of interatomic

distances, and coordination numbers. The electronic information in XANES spectrum is

pronounced in different forms. While the relative location of the absorption edge reveals the

effective charge on the absorbing atom, the location and intensity of the resolvable features

provide additional details about the relative width and occupancy of the final states.

Furthermore, the polarized nature of the synchrotron radiation provides an additional

dimension to study the anisotropy of the final electronic states in single crystals or oriented

samples. Below, examples are provided to demonstrate these capabilities, as well as their

limitations.

The XANES spectroscopy can be performed in transmission, or in fluorescence mode

when x-rays are detected, or in total electron yield count-mode when secondary conversion

electrons are detected. The transmission experiments provide best signal-to-noise ratio, and also

the measurement is representative of the bulk. For dilute samples, the fluorescence mode is

necessary. The lowest concentration that can be detected in flourescence mode depends on various

factors like subtended detection angle, the photon flux, and the ratio of the absorption

cross-section of the element of interest to that of the total cross-section of the material. As a rule

of thumb, the dilution ratio can be as low as 10"^. The penetration of x-rays below 3 keV requires

very thin samples such that not only it is impratical to prepare them, but also signal-to-noise

ratio also becomes a problem. In such cases, total electron yield count can be used to measure

absorption spectrum. These measurements require ultra high vacuum environment, and also

they are very surface sensitive.

The examples provided below are selected from this author's and his collaborators'

data base, and hence represent only a small fraction of XANES spectroscopy studies currently

being conducted at numerous places.

1. The determination of effective charge on an atom In a solid:

One of the common problems faced in solid state studies is the non-destructive

determination of effective charge on an atom in a solid or at a surface. In addition to other

spectroscopic techniques like Mossbauer. photoelectron, or other resonance spectroscoples,

XANES spectroscopy proves to be a complementary, and at times a unique technique. We will

demonstrate this point with an example regarding compounds containing copper. The copper

atom in its ground state has (Ar)3d1^4s^ configuration. As copper Is oxidized, the energy required

to excite an electron from a Is level to empty 4p levels Increases. The relative location of Cu

K-edge in energy can be shown to be related to the effective charge on Cu. However, the absorption

edge itself has a width of 10-25 eV. This makes it difficult to make a quantitative comparison

between different compounds. Recently, a method based on analysis of energy moments of the

area under x-ray absorption spectrum has been developed (2). This method allows a quantitative
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estimate of the location of absorption edge. Fig. 1 (a) shows the XANES spectra of a series of copper

compounds, obtained in transmission mode. The zero of the energy scale corresponds to the

location of the first peak in the derivative of copper metal spectrum. In Fig. l(b). the location of

absorption edges, which is denoted "characteristic energy", as determined with the procedure

described In Ref. (2), is plotted versus the formal valence.

This characteristic energy represents the overall effective charge on the absorbing

atom. Sometimes, it is necessary to go a step further, and identify some of the resolvable features,

in an attempt to gain additional information about the degree of anlsotropy. and its behavior

with chemical doping , pressure or temperature. The example below demonstrates this point:

2. Polarized X-ray Absorption Studies In La2-zSrxCuO4:

The compound La2-xSrxCu04 Is an oxide superconductor with a transition

temperature of 36 K for x=0.15. The undoped compound. x=O.O. is an antiferromagnetic insulator,

eventhough it can be made superconducting with oxygen doping. Copper in this compound has a

distorted orthorombic environment, with 4 oxygen atoms at 1.9OA distance in the basal plane of

octahedral (x=O.O) or tetragonal (x=0.15) structure, and 2 oxygen at 2.43A distance along the

crystallographic c-axis. The XANES spectra at the copper K-edge for x=0.0 and x=0.15 powder

samples are shown in Fig. 2 (a). Doping a trivalent atom site (La) with a divalent Ion (Sr) should

cause a change in the oxidation state of copper and/or oxygen. When the two powder absorption

spectra are compared, it is difficult to see a visible change. However, when magnetically oriented

samples are measured, there is a considerable shift in the spectra obtained where the electric

vector of the x-rays are perpendicular to the crystallographic c-direction. as shown in Fig. 2(b).

At this point it is worthwhile to mention that it is possible to simulate near edge

absorption spectrum using multiple scattering (MS) formalism. This method works well,

provided that the scattering potential used represents the material under study. Recently.

Goodman et.al. has developed a method in which MS potential has been derived from ground and

transition state calculations by self consistent discrete variational X-a method with the clusters

embedded in an extended lattice (3). The calculations indicated that the peak labeled 2 in Fig. 2 (b).

is the result of excitation of an electron from Is levels into final states consisting of 80 % 4pz

character. The same calculations indicate that peak 3 In Fig. 2 (b) Is due to transitions into

orbitals of 91% 4px v character. The 4pz orbitals are calculated to be lying some 3.4 eV below the

4px y orbitals. This shift in energy is comparable to the measured value, and it is in the right

direction (4)

3. Probing empty 5f and 6d levels In actinides with M-edge XANES:

Uranium compounds show a rich variety of electronic and magnetic behavior,

including mixed-valency, narrow band effects, and superconductivity. In a given series of alloys.
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one can see transition from a localized to itinerant behavior.Using multiple edge XANES at the

L-edge or at the M edge one can selectively study the differences In the localization of final 6d and

5f states. The example below demonstrates such a case.

The My and Mry absorption edges in uranium correspond to 3d to 5f transitions,

while MJI and Mm -edges correspond to 3p to 6d, and Mj-edge corresponds to 3s to 7p transitions.

As a result, by complete analyses of all absorption edges, one can probe the entire unoccupied

valence electron bands. In the case of U intermetallic compounds, the main interest is in 5f

electrons which are in an intermediate regime where the 5f electron-electron correlation energy

is comparable to 5f bandwidth. This makes it possible to synthesize intermetallic systems with

varying degrees of localization of 5f bands with proper doping. For example, in URi^Bx (0 < x <

0.8) the electronic character changes from itinerant to localized as x increases as determined by

electrical resistance, magnetic susceptibility, specific heat (5), and X-Ray Photoemission

Spectroscopy (6). The M5 and M3 edge XANES spectra are shown in Fig. 3 (a) and (b). The analysis

of the Mjy and My-edges indicate that there are changes in the line widths and intensities of the

"white line" (i.e. the most intense line, indicating the availability of large empty states, closely

located in energy space). On the other hand, Mjn-edges broaden and split in URl^Bx as x

increases. This result Is compatible with band structure calculations, which indicate that with

boron doping. 6d levels of uranium broadens, and lowers in energy towards the Fermi level (9).

These examples give just a glimpse of how XANES spectroscopy can be used. For

experiments currently underway, it is useful to consult annual reports of National Synchrotron

Light Source (NSLS) at Brookhaven National Laboratory. Cornell High Energy Synchrotron

Source (CHESS). Stanford Synchrotron Radiation Laboratory (SSRL), and Synchrotron

Radiation Center in Stoughton. Wisconsin (SRC). There are several review articles covering the

developments in this field. The one by Rdhler (7) is especially worth mentioning.
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INTRODUCTION

Small angle x-ray scattering is an established method for determining the

microstructure of alloys, disordered solids, biological and inorganic colloids

and polymer solutions. '' The related neutron small angle scattering

method has risen into prominence because the use of long wavelength neutrons

avoids multiple Bragg scattering effects, results in little absorption of the

beam by samples of millimeter thickness and profits from the very important

contrast variation that can be produced by isotopic labeling (e.g. with

deuterium against hydrogen) of components3' of a dispersed system. This

paper presents data from both techniques to define some of the scope for small

angle X-ray scattering in chemistry using synchrotron radiation.

The high intensity and beam quality from synchrotron x-ray sources allow the

present supremacy of neutron small angle scattering to be challenged, and a

particular virtue of x-ray scattering compared to neutrons is the very small

incoherent scattering. This means that in principle, measurements of a

scattering pattern can be taken to high wave vector transfers with less

interference from sample dependent background, an essential aspect for the

correct imposition of absolute intensity constraints on model scattering

functions. The same advantage arises in measurements of the critical external

reflection profile of x-rays at interfaces, a closely related technique of

chemical interest. Measurements in this area are also included here. Our

objectives are to highlight areas of interest as well as technique and

intensity limitations for both methods. The subject areas covered include

studies of: (a) designer clay catalysts in relation to their synthesis and

structure, (b) the structure of block oopolymer solutions and (c) the
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structure of polymer-solution interfaces using present-day x-ray and neutron

methods. We conclude with some technical developments to improve small angle

scattering instruments at a synchrotron source.

For consistency in nomenclature it is convenient to define a number of

quantities and relationships commonly used in small angle work. These

definitions are given in Table 1. A more complete discussion of these

i oquantities is given in standard texts. '
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Table 1

Definitions of Quantities in Small Angle Scattering

Small Angle Region

Scattering %ctor

Scattering Length/e~

Scattering Length Density

Contrast between media (1,2) ^i ~ P2

Example: Isolated Particle I(Q) = P(Q) = I jdVp(r)e~lQ>r|2

for A = 1.

Q =

b =

4n .
= — sin

2
:^~2

me

"p/10~5A""2

5A

0

10~3° <

31

0,

3

1 < 20

.0001 >

2.81 x

SMW A*

2 0 < 10°

< 10°

Q/A"1 <

10"13cm

b = MW X

0

1

.7

. 6 9 5

Sphere

(Ap)V
3 sin QRQ -

(QR0)
3

Guinier Region lim lnKQJvsQ2 I(Q) = (Ap)2v2«exp-[ORg/3]

Q-K)

Porod Region lim I(Q) vs Q I(Q) = KQ~4
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THE SMALL ANGLE X-RAY SCATTERING CAMERA

X-ray small angle scattering measurements were made with a double

focusing (Huxley Holmes) camera constructed in the Research School of

Chemistry at the Australian National University. The characteristics of this

camera, whose performance approximates to the present state of the art using

rotating anode systems, are described as a datum for the improvements expected

with a synchrotron source.

The camera is based upon the Enraf-Nonius (GEC) GX-13 "large wheel"

rotating anode x-ray source where approximately 3 kW are delivered to a lOOy x

1 mm spot on the copper anode. This spot is viewed at 6° and so the effective

source dimension is 0.1 x 0.1 mm . The x-rays are collimated and focused onto

a one-dimensional position sensitive detector - kindly supplied by M. Andre

Gabriel (European Molecular Biological Laboratory, Grenoble) which has a

nominal spacial resolution of 0.14 mm. The optics and intensity have been

optimized for maximum brightness and comparisons with other high performance

x-ray cameras are shown in Table 2 below. Figure 1 illustrates the optics of

the system.
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Table 2

Comparison of X-ray Small Angle Scattering Cameras

at Rotating Anode Sources

(date from J. Appl. Cryst. 17, 337-343)

OAK RIDGE*

National

Laboratory

TAKASAKIA A.N.U.

Japan Atomic R.S. Chem

Energy

Real source power

Effective source size

Relative brilliance

Monochromator

Minimum angle to which

data are recorded

Area of entrance slit

Power incident on

specimen

Background equivalent

in water thickness

Count rate at the beam

stop edge:

3.2kW

l*lmm

3.2 kW/mm2

pyrolitic graphite

graphite

2.7 mrad

0.79 mm2

2.8*

1.2kW 1.2kW

0.1*0.lmm 0.1*0.lmm

120kW/inm2 1201W/inm2

(bent mirror + bent quartz)

0.6mrad

1.02mm2

0.2

1.5mrad

0.6mm2

.s" 1 7*106X.s~1

5X.S-1

*This camera now has considerably enhanced performance - G. Wignall private

communication.
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Figure 1

Schematic diagram of the small angle x-ray camera at
Itesearch School of Chemistry, Australian National ttiiversity.

In setting up the camera, particular attention was paid to minimizing

electronic noise and x-ray background. Figure 2 shows the scattering from

a 1 mm water sample where the overall scattering is about five times the

background from all sources, ttie scattering in this camera can thus be

measured in absolute units using the scattering of water as standard.

0.015

0.01

0.005

Q (A'1)

Figure 2

Low angle x-ray scattering from a 1 mm water sample.
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The resolution of the instrument is illustrated in Figure 3 which compares the

small angle neutron5 and x-ray scattering patterns from dry collagen fibers.

In using the camera, the vertical smearing function has been measured by

translating the counter vertically across the focused x-ray beam. This

smearing function, used with the procedure of Lake6 allows "deconvolution" of

the measured scattering function by iterative fitting of resolution convoluted

models against the data. The first order of diffraction peak at d » 660 A is

clearly resolved as are diffraction orders out to at least the 22nd order.
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r i

(a) Collagen

13 Order number
14 16 19 21

3 45 6 78 9 1P1112 15* 17*18 20 22

Figure 3

Comparison of calibration samples; rat tail collagen measured with the best
neutron camera (Dll at ILL Grenoble, counting time 12 hours (1975) top, with
the SAS camera at PSC (counting time 1 h) bottom.



- 65 -

Hie camera is currently used for studying the nucleation and crystallization

of zeolite catalysts7, the pillaring reactions8'9'10 of clays to make

specific, wide channeled adsorbants and cracking catalysts and the structure

of polymer solutions.11'12

"DESIGNER" CLAYS

Pillared Clay Structure

Zeolites are the materials of choice for many petroleum cracking,

reforming and general hetrogenious catalytic applications, because of their

uniform pore sizes and relatively controlled synthetic chemistry- Clays were

previously used for many of these applications and again look promising for

new synthetic processes. Natural and synthetic clays are sheet like

structures which may be either exfolliated to high surface area powders or

intercalated to produce gallery structures. Both properties offer synthetic

routes to catalysts with wider pore size distributions than zeolites and with

predesigned prosthetic groups attached to "pillars" chemically inserted into

the gallery structure. Wide pore size distributions open up the possibility,

for example, to "crack" branched as well as straight chain petroleum

fractions.13 These new clays have been called "designer clays".

Clay minerals, pillared with polyhydroxy aluminum cations, are effective

petroleum catalysts, the acidity of the pillars the free lateral surface and

pore size being important determinants of performance. Our work aims to

control these factors through accurate control of the pillar chemistry and the

interpillar distances and goes beyond a simple use of stoichiometry1 to
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determine the latter. An analogy with alkali metal intercalation into

graphite for which, however, rather more is known structurally,1-5'16 appears

to be worth drawing.

By choosing pillaring cations with different charges and clay minerals of

different exchange capacity we have been able to systematically vary the

lateral distribution of the pillars and hence vary the gas adsorption

properties at will. Die smectites chosen were pillared by different diamsar

cage compounds17 of general formula:

where M n + is Ir+3, Hg+2 and Y » NH2, NH3
+. At the x-ray intensities available

to us scattering from the in plane ordering of the conci pillars was only

observable when third row transition elements or mercury were the encaged

ions.

For example, (Ir-diamsar)-fluorhectorite, (Hg-diamsar)-montmorillonite I

and II and (Hg-diamsar)-fluorhectorite I and II were prepared under conditions

of different pH and initial ion concentrations to vary the pillar/clay sheet

charge ratio. The charge of the pillar ions varied from +3 for
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(Ir-diamsar)+3-flurohectorite with unprotonated amino groups to +4 for

(Hg-diamsar H2)
+4-fluorhectorite 1 and (Hg-diamsar H 2 )

+ 4 montmorillonite 1

were all amino groups are protonated. The fluorhectorite had a (negative)

charge per unit sheet surface 1.7 times that of the montmorillonite. Figure 4

shows the diffraction pattern of the iridium compound. Good layer packing of

the pillared smectite sheets is shown by the, at least, six orders of c-axis

diffraction resolved in reflection for all samples that have been checked.

The basal spacing of these compounds increased due to penetration of cage

molecules into interlayer space and was 16.4A for (Ir-diamsar)+3-fluor-

hectorites and 16.8A for clays pillared with mercury containing ions.

(Ir-diamsar) - fluorhectorite
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Figure 4

X-ray powder diffraction patterns of Ir-diamsar)-fluorhectorite (a) in
reflection mode and (b) on transmission mode: Cu Ko radiation.
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Diffraction with the scattering vector in the clay sheet plane,

transmission node, showed the (col) peaks greatly reduced in intensity and new

broad peaks, not observed in reflection. These peaks arise due to diffraction
in

from the lateral ordering of the pillars. The peaks fit the Warren

lineshape expected from a two dimensional lattice and are quite broad,

especially for nontmorillonite-containing samples, where the concentration of

pillars is at least 50% lower than in synthetic fluorhectorite for reasons of

change balance. Calculations of diffraction peak shape by Warren's formula

for two-dimensional layersxo and least squares fitting to the data gives the

real 2 6 corresponding to the interpillar distances "d", (see Table 3) and the

two dimensional coherence lengths "L" of the diffracting particles.

Table 3

Hg-diamsar pillars

Interpillar Distances, d, and Domain Coherence Lengths

Mont I

Mont II

Fhect I

Fhect II

Fhect III

Montmorillonite

Fluorhectorite

Mole F/

Mole Clay

0.19

0.23

0.34

0.39

0.45

Pillar

Charge

+4

+3.3

+4

+3.5

+3.0

Charge/Unit

0.74c~

1.36e"

d/A

15.0

12.6

10.8

10.8

9.5

Cell

L/A

19.7

28

62

46

44

Meg/LOOg

95

170
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Bie interpillar distances observed are not commensurate with either

fluorhectorite or montmorillonite basal plane spacings. Hie dimensions of the

fluorhectorite unit cell measured in the present work for the unpillared clay

are a=5.29A and b=9.07A. Barrer et al. reported for fluorhectorite quite

similar cell parameters: a=5.16A, b=9.08A. For montmorillonite, the unit cell

has a =5.18A and b=9.00A20. The dependence of d on pillar concentration

measured by microanalysis (Figure 5) indicates the formation of a two-

dimensional pillar lattice on the smectite surface with a characteristic scale

which is a function of a pillar charge.

With more intense x-ray beams the inplane distribution of lower atomic

weight pillars could be determined and the expected domain structure (and
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Figure 5

Dependence of 1/d on (p)1//2, where p is pillar concentration given in Mol
pillar per Mol clay and d is the experimental distance between pillars
centers.
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hence shape selectivity for gas adsorption) worked out. The high crystal-

linity observed for samples were the pillar packing is near to registry with

the clay also indicates that very small single crystals might be found

allowing three dimensional structures to be worked out when more intense x-ray

beams became available.

Studies Of The Pillaring Process - Clay Intercalation

The process whereby regular gallery structures are established in

smectites by intercalation is both intrinsically interesting and controllable

for different synthetic ends. Figure 6 shows the small angle scattering from

suspensions in water of the synthetic clay perfluoro hectorite. At low

concentrations of the clay the small angle scattering pattern is a monotonic

function of the momentum transfer, Q. This function is well fitted by the

scattering function for isolated sheets whose thickness is about 8 A. The

decoration of such isolated sheets by heavy metal cations and the subsequent

aggregation of these sheets is currently being studied as one of the modes of

aggregation leading to pillared caly formation. From the practical point of

view of producing highly crystalline and regular materials control of this

process is of importance.

It can also be seen from Figure 6 that at clay concentrations in water

above 1% W/W, structure appears at lower momentum transfers. This structure

we associate with the formation of clay tactoids. The peaks are diffraction

peaks associated with interferences between regularly packed clay sheets and

the inter sheet distance varies systematically with the clay concentration.

Figure 7 shows the variation of clay sheet separation (deduced from the maxima
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in the interference function) as a function of clay concentration in the

solution. Wie slope of this curve is very close to the unit cell area of the

clay particles as expected.

When pillared clays are produced from high concentration clay suspensions

pillaring of clay tactoids mist play a role or there must be an equilibrium

between the clay tactoids and the isolated clay sheets pillared by the process

described above. Again, it is possible to follow this phenomenon with the

rotating anode x-ray camera but times are of the order of many hours. The

higher intensities available from synchrotron sources should allow experiments

to be performed with milliseconds time resolution from the onset of sol

mixing.

Finally the fundamental aspects of pillar adsorption at the clay water

interface may be followed using synchrotron radiation. It has been

demonstrated that good diffraction patterns from krypton adsorbed on single

crystal faces of graphite can be obtained with synchrotron beams.21 An

analogous experiment, allowing the domain structure as a clay sheet change,

ionic charge and ionic concentration, of the contact solution could be done

using synchrotron intensities and single clay sheet surfaces.

Electrical Conducting Polymers

Polyacetylene, the simplest electrically conducting polymer (when doped)

is a hard infusible and brittle material. Its immense variation in electrical
Q E

conductivity (10- S-10 S) subsequent to doping is of intrinsic interest and

22
has recently allowed the construction of the first polymer transistor. In
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that experiment extremely thin films were produced from spun precursor

materials. Since polyacetylene may be made soluble in organic solvents by

copolymerisation ' there are alternative routes to thin films. Figure 8a

shows the structure of polyaoetylene and polyisoprene ° the two species in the

co-polymer. The solubilization of polyacetylene by the polyisoprene tail in

many ways resembles the solubilization of a fatty acid chain by the acidic

head group of a soap, Figure 8b. Solutions of polyacetylene-polyisoprene PA-

PIP thus have potentially useful amphiphilic properties. Ws have studied the

concentration dependence of the aggregation in PA-PIP/toluene solutions as a

function of concentration and temperature. Both the structure of the

copolymer in dilute solution and in the interface between solution and air

have been addressed, the first using neutron small angle scattering and the

second using neutron critical external reflection at the air solvent

interface11'12 following the recent observation of a surface excess in

homopolymer solutions.
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By analogy with surfactant solutions we expect, at very low

concentrations, that there will be isolated copolymer molecules in solution.

At somewhat higher concentrations a critical micellar concentration will be

reached and at this concentration and above micellar structures will exist.

As the concentration is further increased - for exanple in the process of

concentrating or evaporating the solution to make a thin film, the appearance

of various mesophases is expected. Some comparisons of the relative

strengths of neutron and x-ray methods in the small angle domain can be

developed using results from this copolymer system as a model. Table 4 shows

the scattering length densities for the two polymer components and for the

solvent, toluene, for x-rays and neutrons.

For the neutron experiments the scattering length densities for both the

hydrogenous (PAH) and deuterated (PAD) polyacetylene components are needed and

illustrate the good contrast variation obtained by isotopic substitution. By

deuterating the acetylenic component a contrast difference of 0.79 x 10 A~z

is produced relative to the solvent producing dominant scattering from the

acetylenic component. Moreover by mixing deuterated and protonated toluene

the scattering length of the solvent may be matched to 0.15, equal to that of

the H-polyacetylene when necessary. Scattering from polyisoprene is nearly

equal to that from h8-toluene which resolves the problem of separating the

scattering from the isoprene and acetylenic parts of the copolymer in these

solutions. Regrettably with present neutron intensities, small angle neutron

scattering is only useful for studying concentrations well above the critical

micellar concentration in these systems and so one must look to the

possibility of exploring the much lower contrasts in x-ray scattering using

the high intensities of synchrotron radiation to gain precision.
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For x-rays it is immediately obvious that the differences in scattering

length density between all components are much smaller. It is possible,

however, to achieve the sane form of contrast variation as the neutron

experiment by an appropriate addition of another slightly higher density

solvent to the toluene to match the isoprenyl tail. The low scattering length

density difference (0.1 x 10 A"" between solvent and polyacetylene and the

need for absolute scaling however, require high measurement precision. This

is an interesting challenge.

The neutron small angle scattering results, at relatively high concen-

trations of PAD.PIP (solid and gel phases) are shown in Figure 9.27 The

different slopes for the logAog plots indicate immediately that the

scattering is from particles of different dimensionality for the two phases.

Such results may be obtainable at low concentrations with synchrotron x-rays

and some contrast matching. The data for the 13% PAD,PIP can be quite well

fitted to the scattering from fairly monodisperse, long cylinders with a

cylinder radius (for the PAD component) of about 30A but the scattering from

the 20% system is from objects of higher dimensionality. It is likely that

microphase separation has occurred for the solid phase.
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•Hie limits to what can presently be done with x-rays, given the vety low

contrast between a polymer coil in solution and the solvent around .t, are

illustrated by Figure 10. This shows a log I versus Q2 plot (Guinier plot) of

the x-ray scattering from polyisoprene (MW 16,000) in cyclohexane at 25°C.

The polymer concentration was 0.049 grams per milliliter corresponding to 3.1

x 10"3 mols per litre. At this concentration a small angle scattering pattern

of the statistical reliability shown can be obtained in about 12 hours on our

camera. From this we can obtain reliable values of the radius of gyration and

from the concentration12'28 dependence, the molecular weight, activity

coefficient and other thermodynamic properties of the solution can be

extracted reliably.
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Figure 10

Guinier plot of the desmeared small angle x-ray scattering curve of
PI(16000) in cyclohexane at 25°C and concentration 0.049 g/fol.

Co-polymer Solutions

A desirable inorganic effect of copolymer atom appears in the surface

tension. Figure 11 shows the surface tension of 1:4 PIP,PAD [8000:530]

copolymer solution in toluene at 25°C as a function of the copolymer

concentration. The surface tension was determined by the drop weight

method. The apparent critical micellar concentration, C.M.C., lies at about

10~3 mols per litre and so to make meaningful studies of the non-aggregated

solutions one must make measurements below this. At present x-ray intensities

measuring times for a study through the C.M.C. are very long. We have made

pilot measurements for a few samples with long running times and very good

temperature and beam stability.



- 79 -

29.8

28.4
10 1010 10'

Log (C/moles/liter)
Figure 11

The surface tension vs. log concentration curves of PIP8000-b-PAH530 in
toluene.

Figure 12a shows the concentration dependence of the radius of gyration for

polyisoprene homopolymer solutions in cyclohexane at 25°C. For this polymer

(molecular weight 8,000) there is little dependence of the radius of gyration

upon concentration up to 0.1 grams per milliliter. The corresponding curve

for the concentration dependence of the radius of gyration for polyisoprene

(8,000) - polyacetylene in toluene at 20°C is shown in Figure 12b. There is

an appreciable variation of the radius of gyration at concentrations about an

order of magnitude less than those in the homopolymer solutions illustrating

that interpolymer interactions and possibly aggregation are now strong. To

make effective measurements on these very low concentration solutions and

determine thermodynamic parameters the intensity of synchrotron radiation is

needed.
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CRITICAL EXTERNAL REFLECTION FROM POLYMER SOLUTION SURFACES

The reflectivity of neutron beams as a function of neutron momentum

transfer, perpendicular to the surface is a sensitive probe of interfacial

structure and may be applied to polymer solutions to determine the structure

of the surface excess inferred from bulk surface tension measurements. This

method is very convenient at a pulsed neutron source.29'30 Figure 13 shows

the neutron reflectometer, CRISP, on ISIS at the Rutherford Appleton

Laboratory^ England which we have used to study the distribution of

polyaoetylene-polyisoprene at the toluene-air interface. Again isotopic

substitution in the acetylenic component allows the contributions of the two

copolymer components to be studied.

2 0 K H 2
Moderator

10.25m

12m

Figure 13 Neutron reflectometer, CRISP at the ISIS pulsed neutron source.

The instrumentation uses all neutron wavelengths, in the range

0.5 < A/A < 20. The sample, in our case liquid toluenes and copolymer

solutions, was contained in a vibration protected trough which could be raised

or lowered so that reflection was measured using the full physical height of

the neutron beam. Instead of measuring the reflectivity all the way from the
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Critical external reflection profiles from (a) h8 toluene and (b) d8 toluene-
air interface taken 6 months apart. The range of reflectivity measurable in
ths second set of runs (91300 et seq) is smaller than before due to
instrumental effects.

critical external reflection angle to the highest Q's (Q • 4 ir/*»sin8) where 8

is the angle of reflection with respect to the surface, the reflectivity of

the sample at a chosen low Q (0.05 A""*) was scaled to its absolute value by

comparison with the known reflectivity of heavy water at this Q. The
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reflectivity coordinate is thus in absolute units (neutrons per A-l). Two

separate sets of experiments separated by four months were done. In that

time, the sample and spectrometer characteristics had evolved. The sample may

have aggregated somewhat and the amount of sample vibration (characterized by

increased surface roughness) had increased.

The effects of this are seen in Figure 14 Which shows part of the

reflectivity profiles for h8 toluene (Figure 14a) and d8 toluene (Figure 14b)

taken earlier (run numbers 1259, 1260) and later (run numbers 1303, 1300).

For h8 toluene the low reflectivity (scattering length density only 0.09) and

the incoherent scattering background obscure the vibration effect at high Q,

but it is observable in the lower absolute intensity at Q = 0.05 A-l. There

is an obvious effect at both high and low Q for toluene d8. We return to this

point in presenting the results.
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Table 4

Scattering and Contrast in Polyacetylene-polyisoprene Copolymers System for

Neutrons and X-rays.

X-RAY SCATTERING LENGTH DENSITIES

PAH/D PIP

PAH 1.06 0.86 0.80

PAD 1.0 0.86 0.80

NEUTRON SCATTERING LENGTH DENSITIES

PAH/D PIP h8-TOLUENE d8-TOLOENE

PAH

PAD

0.15

0.71

0.027

0.027

0.09

0.09

0.55

0.55
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TABLE 5

Scattering Length Densities

Conducting Polymer Solutions

Neutrons

MW (MW)1 n* Z Nb/L0-5A-2 Nb/10~5A~2
x-rays

Polyisoprene

(PIP)
Isoprene CgHg

Polyaoetylene

deutero (PAD)

proto (PAH)

Toluene h8

Toluene d8

75%V/V PIP/h8

75%V/V PIP/d8

7%V/V PIP/d8

7%V/V PIP/h8

8000

68

2000

2000

2000

68

68

14

13

92

100

118

1

140

140

0.913

0.20

1.24

1.16

0.867

0.867

0.53

0.27

0.64

0.71

0.15

0.09

0.55

0.34

0.225

0.103

0.86

1.00

1.06

0.797

0.798

*n = number of monomers in polymers

Critical External Reflection Of Neutrons From Polyacetylene Solutions

At a particular neutron wavelength, ... the neutron refractive index

(relative to vacuum) of a medium of coherent scattering length, b, is given by

2
XKbr

where N is the number of nuclei cm in the medium and p the coherent
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scattering length density. For most materials/ b, is positive and so n < 1.

Critical external reflection at the air/liquid interface thus occurs.

Table 5 lists the scattering length densities, "p/Ar-2 for the principal

components of our polyacetylene-polyisoprsne solutions.

The reflection profile from an infinite slab may be calculated

analytically31 as may that from a series of thin slices of different

refractive indices. 2 The latter case approximates to our liquid/air

interface and so we model the absolute reflectivity and the profile in Q with

the minimum number of thin slices. To enhance the effects of preferential

adsorption of the copolymer at the interface, we vary the contrast by

deuterium substitution in the polyacetyleie and the solvent.

1000-

500-

<p J00-o
>. 50H

1
i 10

1-

0.5-

0.1-»•

Nb4 -0.55X10*
5

L-5S.97 1^,-0.76x10

10.59 Nb2 « 0.34x10
!

d3 - 45.4 Nb3 * 0.53 x 10

0.1 0.2 0.3 0.4 0.5 0.6
Q (A"1)

Figure 15

Critical external reflection profile for 0.05 < Q/A-l < 0.65 of 2.5% solution
of 1:4 polyisoprene:perdeuteropolyacetylene (PIP,PAD) in deutero toluene at
25°C. The full line is a model fit-see text.
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Figure 15 shows the reflection profile for a 2.5% W/W solution of

PIP(8000), PAD(2000) in deutero toluene at 300 K for 0.05 < Q/A"^ 0.65. The

striking feature of this curve-compared to the pure solvent reflection

profiles (Figure 14) is the large excess reflectivity for 0.1 <Q/A~1<0.35 and

possibly the further change in reflectivity for 0.42 < Q/A"1 <0.6. The

10
5

0.001

d=37.76:p=0.496x10'5

bgd=0.47x10'5

01 0.2 0.3 0.4 0.5 0.6

Q(A1)

0.001

d = 32.8: p=0.484x10"-

bgd=-0.78x10'5

0.10 0.15 0.20 0.25 0.30 0.35 0.40

a (A-1)
Figure 16

Fits to first and se-xaid runs of PIP,PAD in d8 toluene of a single surface
layer model.
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reflectivity was measurable to good precision down to one in 106 of the

intensity of that just below the critical angle. At Q = 0.05A"1 the

reflectivity of the PIP,PAD solution is only slightly less than that of the

solvent.

Figure 16 shows best fits to the reflectivity profiles in the range

0<Q<0.6A~1f of a model with a PIP layer thickness d, between air and the bulk

d8 toluene. The parameters of the fits are:

(a)

(b)

PIP Layers

Thickness

37.76

32.8

PIP layers

P/A~2

0.496xl0~5

0.484xl0"5

Tbluene-d8

f

0.

0.

>/A~2

55xlO"5

55xlO~5

B

0

0

ackgroun

.47xlO~5

.78xlO"5

The higher background of the later run is as expected. Qualitatively, a

layer of scattering length density ca 0.49 x 10-5A"2 and abcut 40 A thick at

the interface represents both sets of data quite well. Referring to Table 5,

this could be either due to a PIP layer (of volume fraction PIP/d toluene = 8%

or to a PIP,PAD surface excess layer [< ~p > PIP,PAD = 0.51 in the solvent

(volume fraction PIP,PAD/d8 toluene = 100%. By observing the reflectivity

profile to higher Q for the sample series #1261-1264 the first hint of how the

PAD is arranged relative to the PIP at the interface (in a fresh solution) is

obtained. The full reflection profile (Figure 16) has been fitted with a

three layer (+ bulk solvent) model to take into account the further decrease

in reflectivity to 1x10-6 levels above O=0.4 A-l. The best, though still by

no means perfect, fit was obtained with
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(1) An interfacial layer dj = 8.87A;

(2) An interfacial layer 62 = 10.57A;

(3) Hurd layer under this d3 = 45.4A;

d8 toluene ~P = 0.55xl0-5A"2

P2

= 0.76 x 10-5A~2PAD

= 0.34 x 10-5A"2PIP

P3 = 0.53 x l-0-5A"zPIPd8

These results suggest that for fresh PIP, PAD/toluene solutions the PAD

head group adsorbs preferentially at the toluene-air interface, it being

supported by progressively more swollen PIP "tails" deeper into the

solution. The neutron measurements are consistent with the schematic

representation of Figure 17 for the surface excess.

The usefulness of X-ray critical external reflection to determine these

surface excesses and the distribution function of the copolymer species in the

surface excess still remains to be demonstrated. Some idea of its value can

be gauged by reference to the scattering 7 ngth densities for x-rays and

neutrons (Table 4). A similar argument to that made with respect to neutron

small angle scattering is appropriate as the differences in contrast are the

same. Again by tuning of the solvent the polyisoprenyl component could be

contrast matched to solvent, a limitation being that for polymer solutions

conformation and aggregation is strongly solvent dependent.
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One Component Surface Excess

Air

Toluenep = 0.55x10^

Two Component Surface Excess

Figure 17

P*0.47x10"5

Toluene P»0.55x10"
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INSTRUMENT DESIGN AND INSTRUMENTAL IMPROVEMENTS

Some of the characteristics of the ideal x-ray small angle camera are

shown in Table 6. This instrument, rather than using the converging optics of

the Huxley-Holmes camera, essential when one wishes to use the divergent beams

from conventional x-ray sources, would have parallel beam optics based upon

either a Bonse-Hart or CCCC system. It is this latter that we particularly

draw attention to as it seems to offer important properties both for small

angle scattering, critical external reflection and x-ray imaging devices. A

preliminary designation of a multipurpose small angle camera using the CCCC

system34 has been given to the Photon Factory Conference (August 1988).

The essential element is the condensing collimator channel cut, CCCC,

monochromator of Wilkins and Stevenson. A design for this is shown in

Figure 18. «...«..,.
Condensing Collimator
Channel Cut
monochromator (CCCC)

Figure 18

Condensing Collimator Channel Cut Monochromator
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It can be seen that by using the same crystal planes but different

channel cuts considerable reduction in the beam cross section is obtained at

the same time as good wavelength selection. Most importantly, for small angle

scattering this channel cut monochromator acts as a very good slit system, the

wings of the beam falling off as Q- . Table 7 shows some of the flux and

divergence properties of various channel cut options.

CONCLUSIONS

For a number of chemical problems using small angle scattering and

critical reflection measurements to define structure in solutions and at

interfaces the scope of enquiry is limited to both contrast (between different

components of the system), available x-ray intensity or both. The extra

intensity and collimation from synchrotron sources open up very attractive

possibilities for overcoming some of the limitations of contrast, for

measurements to high scattering vectors and ultimately for time resolved

studies of kinetic processes in sol-gel synthetic chemistry.
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Table 6

AN "IDEAL" X-RAY SMALL ANGLE CAMERA

HUXLEY-HOLMES BONSE-HART

OPTICS CCCC OPTICS

ID"2

BEAM INTENSITY

DEFINITION AX/X

10-4

SMALL BEAM 3 x 0.5 mm2 <0.5 x 0.5 mm2

HARMONIC SUPPRESSION YES (MIRROR) YES

COLLIMATION, Q^JJ 0.005A"-1 <0.001A"

CONSTANT SQ

^ Q M I N <0-05
LOW BACKGROUND

VARIABLE CAMERA LENGTH

FAST DETECTOR

2 D DETECTOR

TIME GATING

EAST CONVERSION TO REFLECTOMETER

rl
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Table 7

Performance paraneters for a 2-reflection CCC monochromator with

a. = 0 and various values for cu relative to the corresponding

symmetric-cut monochromator ou = 0 . Values in parentheses are absolute

values for the symmetric case. All values relate to X = 1.54 oA s

a -mode of polarization and Si 111 Bragg planes:

PROPERTIES OF TWO-REFLECTION CCC MONOCHROMATORS

RELATIVE TO SYMMETRIC CASE

( c^ =0°)

intens diverg condens fluxl/flux

(deg.)

0

10°

12°

13°

13.6°

14.0°

1

(6.05")

2.35

3.28

4.40

6.0

9.06

1

(4.51")

3.34

5.7

9.25

15.9

36.81

1

1

5.6

11.4

21.47

43.09

122.9

1

(6.05")

0.42

0.29

0.21

0.14

.074

2.

3.

4.
7.

13

1

38

45

88

14

.5
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SYNCHROTRON RADIATION STUDIES

ON POLYMERS

T. P. Russell
IBM Research Division

Almaden Research Center
650 Harry Road

San Jose, CA 95120-6099

Synchrotron radiation sources are being used in a wide variety of ways to
investigate the behavior of polymers in the solid state and in solution (1). Real
time and time resolved studies have been used to study the kinetics of irreversible
and reversible phase transitions in homopolymers and block copolymers. Static
small angle scattering have been used to probe the morphology and single chain
behavior of weakly scattering bulk systems and dilute solutions of polymers in a
solvent. Small angle scattering has also been combined with differential scanning
calorimetry so that the thermal and morphological response of polymers
undergoing phase transitions are evaluated in real time. Similarly, wide angle
diffraction has been combined with small angle scattering such that detailed
structural information is obtained over the ones to hundreds of angstrom size
scale. Storage rings, with x-ray beams characterized by a low divergence and
high brilliance, are being utilized for specular reflectivity and glancing angle
diffraction experiments where information on the surface behavior of polymers is
obtained. Thus,' while the use of synchrotron radiation is relatively new to
polymers, important information covering a broad spectrum of areas is being
obtained. The development of brighter sources in the hard x-ray regime, as with
the Advanced Photon Source will only expand these horizons.

In this presentation two unique aspects of storage ring sources, namely the small
beam size and high beam flux, will be discussed in reference to two studies on
block copolymers. It is emphasized, however, that the use of absolute intensities
is necessary so as to fully use the information provided by the scattering studies.
Not only do absolute intensities yield information on the electron densities of the
scattering entities, absolute calibration limits the number of parameters necessary
for modelling the scattering profile.

The small angle x-ray scattering (SAXS) discussed herein have been performed
on beam line 1-4 at the Stanford Synchrotron Radiation Laboratory. X-rays
emanating from the storage fringe are focused vertically by a 50 cm, platinum
coated float glass mirror bent to approximate an ellipse in shape. Horizontally a
bent, asymmetrically cut Si(Ill) monochromator serves as a focusing element
and delivers x-rays of wavelength 1.429A into the experimental area. Vertical
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and horizontal slits are used to limit the beam size and to eliminate parasitic
radiation. Monitors directly before and after the specimen continuously monitor
the incident beam flux onto the specimen and the attenuation factor of the
specimen. The detector is a self scanning photodiode array detector containing
1024 pixels each with a dimension of 2mm x 25fim. At the specimen the beam
is approximately I mm in diameter in size whereas at the detector the beam is
approximately 300/zm x I mm in size.

The first study deals with the order/disorder transition of symmetric diblock
copolymers. In particular results on a poly (styrene)-hydrogenated
poly(butadiene) as a function of temperature will be discussed 2>3. At
temperatures above the mesophase transition temperature, i.e. the temperature
at which the copolymer undergoes a transition from a random mixture of the two
component blocks to an ordered, mesophase morphology, the absolute scattering
is given by 4S .

S(q,T)-2X{T)

where p. the electron density of segment i, S(q,T) is scattering function of the
copolymer and x is the Flory-Huggins binary interaction parameter. S(q,T) is
defined in terms of the spatial correlations of A-A, B-B and A-B segments in an
A-B copolymer and can be written in terms of the single chain scattering function
of two blocks. Since all the terms in this equation are known with the exception
of x(T), x(T) is varied to produce the best fit to the data. It should be noted that
the form of equation (1) predicts a nonzero value of q where I(q,T) will be a
maximum despite the fact that the system is disordered. This results from the
connectivity of the chain segments on the polymer which produces non-random
spatial correlations. Variation of the temperature yields x(T) as a function of
temperature and it is found that z(T) varies inversely with temperature in
agreement with other studies. Also, the variation in 1//(?,„«,D with T yielded the
spinodal and microphase separation temperatures.

The second study deals with the formation of block copolymers via ionic
interactions 6. In particular, mixture of carboxy - and sulfonate - terminated
poly(styrene) with tertiary amino terminated poly(isoprene) were prepared in a
bluene solutions. Two separate mixtures were considered where the concentration
of poly(styrene) was 33% and 50% by volume. Films of the mixtures were cast
and the solvent was removed. SAXS profiles from the 33% and 50% mixtures
both exhibited distinct reflections characteristic of a periodicity of several
hundred angstrom. This feature alone demonstrates that the phase separation
expected for these two polymers has been limited to a size scale comparable to the
dimensions of the individual chains. This result also demonstrates that the
morphology of the ionically interacting polymers forms a morphology that is quite
similar to that seen in covalentiy bonded block copolymers.
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Both specimens were heated at a rate of 10°C/min in a Mettler Hot Stage through
which the incident beam passed. Evaluation of the total scattering invariant Q
given by

0(7) = \°° l(q,T)q2dq (2)
Jo

(3)

as a function of temperature showed that up to the glass transition temperature
of the poly(styrene) phase, the system remained unchanged. At slightly higher
temperatures, the phases purity was enhanced i.e. p, - p2 increased, as would be
expected. The behavior of the 33% and 50% copolymers at more elevated
temperatures differed markedly. Increasing the temperature resulted in a
reduction of Q (T) and finally, a disappearance of the SAXS reflection. The 50%
copolymer on the other hand exhibited an initial reduction in Q with temperature.
However, prior to the point where the SAXS vanished a second reflection
appeared. With increasing temperature this reflection increased in intensity and
the position shifted to smaller q or larger spacing. This continued until the
reflection vanished behind the beamstop.

The behavior of these two copolymers can be understood if one considers a phase
diagram that takes into account the unusual characteristics of these ionicaliy
formed copolymers. First as with their covalently bonded counterparts, the glass
transition temperatures, T , of the two microphases and the microphase
separation temperature MST must be considered. The former dictates mobility
of the constituents whereas the latter dictates the nature of the microphase
separation. Two additional features enter however. First, is the temperature at
which the ionic associations are disrupted, T at temperature in excess of this
dissociation temperature, the ionicaliy terminated homopolymers behave as an
ordinary binary polymer mixture. This mixture will therefore, be governed by an
upper critical solution temperature, UCST. If T < UCST, then the polymers will
coarsely phase separate, whereas at higher temperatures the polymers will be
miscibility. It is the location of T , Ti, MST and UCST, that will govern the
morphology of the copolymers formed via ionic associations and therefore yields
an understanding of the SAXS from these materials.
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MACKOHOLECDLAfi STEUCTOEE CHANGES IN SOLUTION OBSERVED BY

TIME-RESOLVED SYNCHROTRON X-RAY SCATTERING

James C. Phillips

Chemistry Department, SUMY Buffalo and
SUNY X3 Beamline, NSLS, 725A,

Brookhaven National Laboratory, Upton, NY 11973, USA.

Abstract - SAXS experimental needs and synchrotron radiation
properties have always been well matched. At APS this matching of
needs and properties will become ideal. X-ray scattering using
powerful sources appears to be the best way to obtain time-
dependant structural information in solution. Studies of
biological macromolecules and polymers are illustrative of the
uses of the technique. Time-resolved data can give kinetic
information and can identify intermediate structure especially if
models, for example from electron microscopy, are available.
Theoretical calculations indicate that greater details of
structure may be obtained using information in the higher angle
region. Count rates are much lower in such experiments, however.
Anomalous dispersion information may resolve ambiguities
remaining from fixed wavelength experiments. In these
studies specialised SAXS optics, position sensitive detectors
and time-resolving readout electronics are employed. Difficulties
with beam noise and movement can be encountered. Experiments on
the 'protein folding' problem are described as a case study of
these techniques.
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SAXS and Synchrotron Radiation - Small angle x-ray scattering
(SAXS) is a weak effect compared to, for example, Bragg
diffraction from crystals. Moreover, a highly collimated beam is
required to achieve resolution in the measured pattern.
Synchrotron radiation from bending magnets or wigglers has
excellent collimation perpendicular to the machine plane and high
intensity, particularly when horizontally focused. This matching
of experimental needs and source properties ensured that SAXS
experiments were one of the earliest to be performed with x-ray
range synchrotron radiation. A pioneering study of note is the
low angle diffraction of insect flight muscle performed with
synchrotron radiation from the DESY synchrotron and published in
1971 (1)! Looking to the future, the APS machine planned for
Argonne National Laboratory will be of sufficient e- beam energy
and emittance to permit undulators in the 1 A range. The high
intensity and narrow bandwidth (2) may permit SAXS experiments
without the need for monochromators. Moreover, the beam is highly
collimated in both planes. One could envision a beamline free
from parasitic scatter from slits or optical elements permitting
use of area detectors without compromising low angle resolution
from scatter or beam size. Thus, at APS undulators, the Batching
of SAXS experimental needs and source properties will becoae
ideal, with all source photons able to be incident on the sample
and all scattered photons potentially detectable.

7' ime—Resolved Solution Scattering Studies — The most
illustrative uses so far are in the study of proteins in
solution and in polymer science. The initial results were of
microtubule assembly induced by T-jump (3-5) and of aspartate
transcarbamylase dissociation by mercurials by stopped-flow
techniques (6,7). More recent results include the allosteric
transition of aspartate transcarbamylase (8) and the unfolding of
myoglobin (9). Examples of polymer work include epoxy hardening
(figure 1) analysed with a fractal model (10) and polymer blend
crystallisation (11). A static study of ionomers emphasised that
synchrotron radiation can bring improved spatial resolution as
well as time resolution (12).

Other Techniques - Other techniques used on solutions include
NMR, circular dichroism, and differential scanning calorimetry.
Only NMR gives good structural information, but the technique
appears to be antithetical to time-resolved measurements on large
molecules. Circular dichroism gives secondary structure
information but not gross conformation. Only x-ray scattering
using powerful sources appears to give generalised time-
dependant structural information.

Information From These Studies - The small-angle region from any
given sample can typically yield crude structural information,
such as radius of gyration and deviation from spherical shape.
Time-resolved data can give this information differentially,
which can aid in identifying the appearance of intermediates and
their structure. When combined with structural information from
other techniques, for example electron microscopy, theoretical
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curves from model structures can be compared with the
experimental curves and model parameters refined by least squares
procedures (4,13). If the possibilities are few, unambiguous
results are possible. Of course kinetic data can be derived on
reaction rates of intermediate and final product formation
(8,11). Other possible techniques are combined contrast
variation/time-resolved measurements which may help unravel the
behavior of two component systems such as a protein/nucleic acid
virus during assembly, the study of reaction inhibitors and
promotors and their effects on structure and the effects of
leaving out one or more components of mul "ci-component systems. As
with static SAXS data, the combination of measurements under
varying conditions and the availability of other types of data
aid the interpretation of time-resolved data to give a better
picture of evolving structures.

Higher Angle Scattering — Greater details of structure may
possibly be obtained using information in the higher angle
region. Theoretical calculations of higher angle scattering have
been made (9). Scattering from alpha-helices and beta-sheet
configurations are shown in figure 2. There are clear differences
in these curves, indicating that substantial information on
secondary protein structure is available if data of sufficient
resolution and statistical accuracy can be obtained. However, the
scattering probability at these angles for these relatively
small particles is 10~* that of a small protein such as
myoglobin, which is itself 2xlO~M (14). To observe the high angle
region in the same timescale as was possible in the low angle
region a four order of magnitude improvement in the experiment is
required. Figure 3 shows the same curves as figure 2 but on an
absolute scale and with noise artificially added. The counts
correspond to the four orders of magnitude improvement needed.
The four curves are clearly distinguishable, although the two
beta-sheet curves are similar except at high angle.

Anomalous Dispersion Measurements - Anomalous dispersion is the
term given to the wavelength dependance of the x-ray
scattering power of an element. Near absorption edges the
scattering power varies rapidly with wavelength in both
amplitude and phase. Such edges occur at wavelengths
characteristic of a particular element. With a tunable x-
ray source, it is thus possible to selectively alter the
contribution of a particular element to the diffraction or
scattering pattern of a sample. A narrow bandwidth beam is
required for the best results. This can be used in SAXS to
measure the cross term between heavy and light elements, in a
metallo-protein for example, and the inter-heavy atom vectors.
Results on measuring cross-terms have been have been successfully
performed (15-17). So far none of the studies cited has measured
the inter-heavy atom distances but it is likely that present and
future high brightness sources have experimental advantages to
successfully do so. Anomalous dispersion information may resolve
ambiguities remaining from fixed wavelength experiments (such
as which end of a chain folds first as a polymer folds).
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Figure 2. Theoretical scattering in 10 mMol aqueous solution
of beta-sheet with 4 residues/chain and four chains and the
chains of UUOU handedness (lowest curve) and UDUD (third from
bottom) (0=up, D=down). Alpha-helix of 16 residues (second lowest
curve) and of two parallel 8-residue helices separated by 8 A
(top curve) are shown for comparison. The curves have been
separated vertically by constant increments of 0.65 for clarity.
The second lowest curve is on the correct scale.
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Figure 3. Theoretical scattering in 10 mMol aqueous solutior
of various configurations of 16 polypeptide residues. From the
bottom - two parallel 8-residue alpha-helices separated by 8 A;
beta-sheet with 4 residues/chain and four chains and the chains
of UUUU handedness; as previous but (7DUD; alpha-helix of 16
residues. The curves have been scaled to have 1000 counts in the
smallest channel of the UDUD spectrum. Statistical noise has been
added at 4 times the level of photon statistics.
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Experimental Setups - In these studies high intensity
synchrotron radiation SAXS cameras with position sensitive
detectors and time-resolving readout electronics were used.
Sideways deflecting bent triangular monochromators, usually with
vertically focusing mirrors (18-20) are the most popular type of
station. They are in use at DORIS, LURE, Daresbury, SSRL and the
Photon Factory, sometimes combined with use for crystallography.
At NSLS, the SONY beamline has a unique combination of a a double
crystal monochromator and doubly-focusing bent-toroidal mirror
(21, 22; figure 4). This line gives, at 2.5 GeV, 140 mA a flux of
3.5xl0lx photons/s in a focal spot 0.9x0.6 mm (fwhm) at 1.54 A.
A toroidal mirror/ multilayer combination to enhance flux has
been used by another NSLS group for experiments on alloys (23).
Resolution in sideways diffracting lines is limited by slits
defining scatter from the monochromator (19). For toroidal
mirror lines slits (24) or a Kratky collimation system (25) must
be used to eliminate parasitic scattering from the mirror. A
typical small angle scattering apparatus includes optical bench,
sample chamber, and adjustable vacuum paths between system
components.

Detectors — Gas-filled proportional detectors, linearly position
sensitive, are commonly used for time-resolved SAXS work (20,
26). There are some two-dimensional detection systems in use
also (27, 28). A photodiode array as linear detector has been
used successfully for time-resolved SAXS (23). The latest
development is the use of luminescence readout storage phosphors
for time-resolved experiment (8).

Data Acquisition System - In order to conduct time-resolved
measurements the data acquisition system must be capable of
monitoring experimental parameters while the detection system is
measuring the .scattering from the sample. Due to the nature of
the synchrotron radiation x-ray source, the intensity fluctuates
and and decays, the incident beam must be monitored. For most
experiments a sample stimulus must be synchronized with the start
of data collection. We have developed a versatile system for
time-resolved x-ray scattering experiments at the SUNY X3
beamline, NSLS (24). It is based on a commercially available
LPSD 64K MCA (Braun gas-filled proportional counter, available
from Innovative Technology Inc., 205 Willow St. South Hamilton,
MA 01982), a PDP-11/23 computer and a CAMAC-based data
acquisition system. Figure 5 shows, schematically, how the
system is configured for SAXS experiments. Many other systems
work in a similar fashion (for example see reference 20). The
Braun MCA may store up to 64 detector patterns of IK channels by
64K counts. The position of the currently accumulating pattern in
the MCA memory increments after a measurement period. The
operator chooses the number of periods. The MCA and CAMAC timer
are then programmed to collect data in synchrony. For each MCA
pattern, the timer prompts the computer system to read the values
of up to six external parameters, via the CAMAC sealer. At the
end of the measurement the internal memory of the MCA is readout
by the computer, through an RS232 link, and stored on disk, along
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Figure 4. The SUNY SAXS apparatus at NSLS (a) The beamline layout
(adapted from Figure 1 of reference 22). (b) The optical bench.
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components of the SUNY time-resolved data acquisition system
(Figure 1 of reference 24).
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with the parameter measurements. A remote MICROVAX II computer
provides enhanced data analysis, plotting and theoretical
calculation capability.

Problems Encountered nith Be mm Stability - The x-ray intensity
decays and fluctuates while data is collected. Figure 6 shows
the NSLS beam intensity decay over several hours and its insert
shows a periodic fluctuation of 14 seconds, resulting from beam
motion, occuring in a typical 100 second interval. Beam direction
shifts have been observed also (24). These sort of phenomena are
typical of all storage rings and have been observed before (29).

Protein Folding as a Case Study - There is much effort going on
now to solve the 'protein folding problem', that is to predict
three dimensional protein structure from amino acid, sequence
information. If this can be achieved then protein structures can
be designed and correctly sequenced polypeptide chains can be
made using the present knowledge of the genetic code and cloning
techniques. Present theoretical calculations use energy
minimisation to predict structure and crystal structure data
(that is, end point of folding) as experimental data (see for
example reference 30). The the best agreement is with chains of
only a few amino acids (31). Experimental data on energy is
available from calorimetric techniques (32). With time-resolved
solution measurements, structural data along the folding pathway
could be added, thus making available full experimental
information to parallel the theoretical calculations. A
temperature jump study of solutions of sperm whale myoglobin was
chosen as a test case. With a powerful x-ray beam, radiation
damage to the sample is a concern. Preliminary studies showed
that it took approximately 50 min. before damage occured.
Scattering of solutions of myoglobin in the angular range 20=1-50
mrad. was measured during temperature jumps between 26 and 76"C.
The SUNY facilities described above (21,22,24) were used. Figure
7 show a T-raise. There are clear signs of time/temperature-
dependant structural changes, in the small angle region,
consistent with those from other, equilibrium, techniques. A
tentative interpretation of this data (9) is that the 'high
temperature maximum' is unfolded and aggregated protein as the
temperature corresponds to that for full unfolding for the buffer
and pH used (32), the scattering pattern is that of a higher
molecular weight and/or radius of gyration and the effect is
irreversible (ii) the transient 65*C peak represents a partially
unfolded state, with radius of gyration slightly larger than the
intact protein. The first five patterns, as the temperature rises
through 30*, show some sign of of the 'cold denaturation' of
myoglobin recently observed (32).

Lessons from this Feasibility Study - It was demonstrated that,
with present high brightness synchrotron x-ray sources, changes
in the small-angle x-ray scattering patterns of dilute protein
solutions can be followed in a single pass experiment on the 10 s
timescale. Theoretical considerations indicate that higher angle
data, with detailed structural information is obtainable with a
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solution of sperm whale myofflobin in the angular range 20=1-50
mrad. as the temperature is raised (Figure 1 of reference 9).
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ten thousand-fold greater difficulty. Such data could give
detailed structural information. An area, rather than a linear,
detector and averaging of multiple passes should make possible
such measurements at 10 s resolution. Radiation damage would
limit the use of any given sample to one or two passes, therefore
a sample holder with pumps and a reservoir to change sample
exposed to x-rays is neccessary. The availability of undulator
x-ray sources, in combination with these experimental advances
should allow work in the 1-100 ms range at high scattering angle.
Most importantly, if all this is done the data would yield
details of the self-assembly of proteins.
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ABSTRACT

Applications of the technique of anomalous small angle x-ray scattering
(ASAXS) are discussed. Representative examples of the use of this technique from the
fields of biochemistry, polymer chemistry and material science are presented. In addi-
tion, special instrumentation considerations and methods of anomalous scattering factor
determination are reviewed.
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INTRODUCTION

Anomalous scattering refers to x-ray experiments in which the incident beam is of
an energy close to the absorption edge of an element in the sample. The x-ray atomic
scattering factor, denoted by / , varies very slowly with incident energy except for energies
within approximately ± 1 0 0 eV of an absorption edge. In this energy regime, resonance
effects for thj bound electrons become important and as a result, / decreases quite rapidly.
For an excellent review of the anomalous dispersion of x-rays, the reader is referred to
James [1]. The ability to select a given incident energy of sufficient intensity is made
possible with the advent of present day synchroton facilities.

Conventional small angle x-ray scattering (SAXS) which has countless applications
in chemistry, physics and metallurgy, refers to the measurement of scattered intensity
for wave vectors less than about .5.4"'. The combination of the anomalous dispersion
phenomenon of x-rays and the techniques of small angle scattering is known as anomalous
small angle x-ray scattering or ASAXS. The present review will describe representative
applications of ASAXS from the fields of biophysics, polymer chemistry and materials
science.

THE ANOMALOUS SCATTERING FACTORS

In general, the atomic scattering factor can be written:

/{*, E) = /„(*) + /'(*, E) + if"(k, E) (1)

where k is the magnitude of the scattering vector, E is the energy and f0 is the energy
independent contribution to / . The quantities / ' and /" represent respectively, the real
and imaginary dispersion corrections. In most ASAXS experiments it is necessary to
obtain the energy dependence of the anomalous scattering factors / ' and /".

The determination of f"(E) from measured or tabulated values of the absorption
coefficient ft(E), is made possible through the use of the Darwin relationship (see [1]):

£ (2)
In this equation re is the classical radius of an electron, c is the velocity of light, h is
Planck's constant, p and A are the density and atomic weight of the anomalous scatterer
and N is Avagadros number.

Although the determination of f"{E) is relatively easy, obtaining the energy de-
pendence of f'(E) is much more difficult. Experiments to measure f'(E) directly have
included: measurements of the total intensity of Bragg reflections from a single crystal [2],
measurements of the ratio of scattered x-ray intensity from Freidel-pair reflections [3,4],
the use of an x-ray interferometer [5,6] and measurements of total reflection curves [7,8].
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Perhaps the most straightforward technique to determine f'(E) is by first computing
f"(E) from eq. 1 and subsequently calculating /'(£*) from the Kramers-Kronig integral
[MOJ:

(3)

The symbol § denotes the Cauchy principal value of the integral. A technique for over-
coming the problem of the singularity at E = E1' (eq. 3) and the infinite upper limit of
integration is discussed by Hoyt et al. [11]. A computation from reference 11 of f'{E) for
Cu near its K absorption edge is shown in fig. 1. The accuracy of the Kramers-Kronig
technique is demonstrated by the excellent agreement with the interferometry work of
Bonse et al. [12] and with the / ' deduced from integrated intensity measurements of
Freund [2]. At the present time, most ASAXS studies employ the Darwin equation and
the Kramer-Kronig integral for the computation of f'{E) and f"(E).

PRESENT
o BONSE
• FREUNO

-6 0 -

8920 8959 8990 9025
ENERGY («VI

9060

Figure 1. / ' of Cu for energies near the K absorption edge. Data is compared with that
of Bonse [12] and Freund [2]. Figure is reproduced from ref. [11].

INSTRUMENTATION

Beam lines dedicated to ASAXS experiments have been constructed at the syn-
chrotron facilities LURE [13] and DESY [14]. Typical ASAXS systems consist of x-ray
detectors (ionization chambers, photomultiplier tubes, etc.) positioned in front and be-
hind the sample in order to monitor the incident beam intensity and to measure the
sample transmission. A pair of, typically tantalum, slits provide a point collimated beam
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and the beam travels through evacuated flight tubes. The scattered intensity is collected
via an area or linear postion sensitive detector in conjunction with rapid data process-
ing electronics. In short, ASAXS instrumentation is primarily the same as that found
in conventional small angle scattering experiments. However, in ASAXS there are a few
additional points which need to be considered.

Since the atomic scattering factor varies quite rapidly (fig. 1) for energies near the
absorption edge, a nonochromator designed for ASAXS must provide a high energy reso-
lution capability and the ability to eliminate harmonics in the incident beam. A narrow
and stable energy bandpass of about <\E/E ~ 10~4 at an incident energy of 10 KeV is
sufficient. In addition, the monochromator should cover a large energy range such that
energies near the absorption edges of a large number of elements can be selected. Finally,
since ASAXS experiments most often employ a series of incident energies, it is important
to know or measure the response of all x-ray detection devices used as a function of photon
energy [15].

APPLICATIONS

In many experimental situations, it is not clear what particle or heterogeneity is
responsible for the observed small angle scattering intensity. Also, the scattered intensity
is often times a sum of different scattering effects and a conventional SAXS experiment
can offer no clues as to the magnitude of the contribution of each individual effect. The
use of ASAXS however, can often provide solutions to the two aforementioned difficulties.

Pioneering work in the field of ASAXS was performed by H.B, Stuhrmann and co-
workers. Many examples of applications of ASAXS to important problems in biophysics
can be found [16-18], but for the present work we will review the work of Stuhrmann and
Notbohm [19]. In this study the authors examined aqeous solutions of human hemoglobin
in order to determine the configuration of the four iron atoms in this protein. Thus, the
experiments were performed using energies in the vicinity of the Fe K edge.

Stuhrmann and Notbohm write the excess electron density of dissolved protein as:

P{T) = PWsolute ~ Psolvent (4)

This equation merely redefines, without loss of generality, the electron density p of the
particle as being the difference between that and the solvent electron density. Within the
volume defined by the electron density p(r) there exist regions in which the anomalous
scatterers, in this case Fe, add to the electron density. If one denotes these regions by
pa(r), eq. 4 can be rewritten as:

p(r) = p,(r) + (p'+ ip")pa(r) (5)

where p' and p" are the anomalous scattering electron densities within the volume defined
by Pair) and /»,(r) is the electron density of the normal or off resonant volume.

Given the above definitions, the intensity as a function of the magnitude of the
scattering vector k can be written as:

/(*) = /.(*) + p'hs(k) + [iff + (p"f] /«(*) (6)
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where the additional contributions to the intensity are:

and

tail*) —

/-(*) =

(7)

(8)

The quantity Is{k) is the scattering which would be measured from a conventional SAXS
experiment. The term Ia*(k) represents the convolution of that volume of particle which
contains anomalous scatterers with the particle itself. Similarly, the term Ia(k) represents
the autocorrelation of the anomalous scattering volume. Whereas the I§[k) term yields
information concerning the overall electron density of the sample, the terms Iat(k) and
Ia(k) give clues as to the specific locations of the Fe atoms.

By performing a series of experiments employing 32 different energies near the Fe K
edge, Stuhrmann and Notbohm were able to vary / ' and / " and hence p' and p". Thus,
rather than a situation of one equation and three unknowns as in eq. 6, a system of
equations is established which can, in principal, be solved to yield /«(&), /«»(*) and Ia(k).
The results for the hemoglobin experiment are shown in fig. 2. (The accuracy of the
experiment was too low to permit a measurement of Ia(k); the curve shown is calculated
from the derived model.) The Ias{k) curve shows a rather prominent peak at k ~ .29J4~~
and a smaller maximum at k ~ .48.4"1.

10"

10"

S 10r»

10"

10* xz.
0.1 0.2

Figure 2. I${k) top curve, /<,*(£) middle curve and Ia(k) dashed curve for aqeous solution
of human hemoglobin. Figure reproduced from ref [19].
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From this additional scattering information, the authors were able to model the
positions of the iron atoms in the hemoglobin molecule via a so called multipole analysis
[20]. The multipole technique is beyond the scope of this review, but the important point
to note is that any model describing the positions of the Fe atoms must reproduce the
main features of both the Ias(k) and the /«(£) curves. Stuhrmann and Notbohm were
able to deduce a tetrahedral arrangement of Fe atoms with a mean spacing of 26A. The
results of this ASAXS study is in good agreement with crystallographic data.

ASAXS has recently been useful in determining the morphology of ionomers. Con-
ventional SAXS spectra of ionomers typically show a peak on the order of Jk ~ .2.4" * and
a strong increase in intensity as the wave vector approaches k = 0. The peak is due to the
ionomer aggregates immersed in a polymer matrix, but, until the ASAXS work of Ding
et al. [21], the upturn at k = 0 was unexplained. Since no accepted model could explain
both the peak and upturn in intensity, it had been suggested that the large near zero angle
scattering was a result of impurities or voids in the sample. The technique of ASAXS was
able to define the origin of this upturn and provide a much clearer understanding of the
morphology of ionomers.

Ding et al. [21] examined ASAXS from a sample of nickel-neutralized sulfonated
polystyrene ionomer at two different incident beam energies. The energies employed were
100 eV and 5 eV below the Ni edge. The results are shown in fig. 3 where the solid curve
represents scattering at an incident beam energy 100 eV below the K edge of Ni and the
open circles represent the difference between the solid curve and the intensity scattered
at -5 eV.

1.2 2.4
k(nirr')

Figure 3. I(k) from nickel-neutralized sulfonated polystyrene. Solid line is I(k) for an
incident energy 100 eV below the Ni K edge. Open circles are the difference between
the solid curve and scattering at -5 eV. Figure reproduced from ref. [21].
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From just the two spectra of fig. 3, one can conclude that the entity responsible for the
large intensity upturn at near zero angles must contain Ni. Had voids or impurities been
causing the upturn, the difference pattern (open circles) would have been zero near the
origin in k space. The large difference pattern observed at the peak (.2A~X) is consistent
with the accepted model of aggregates of Ni2+ cations and some sulfonate groups dispersed
in a polystyrene matrix.

Supplied with the above information, the authors were able to combine two previously
proposed models of the ionomer structure to obtain an accurate fit to the data and
thus provide a good description of the morphology. The large contribution of scattering
near k=0 was explained by an in homogeneous distribution of cations dissolved in the
polystyrene.

Conventional SAXS has long been used to study precipitation phenomena in alloy
systems. Not surprisingly then, ASAXS has found a number of applications in materials
science.

Recently, Goudeau et al. [22] studied amorphous Cu67 -T133 alloys using ASAXS.
In hydrogenated melt spun or splat cooled Cu-Ti alloys, a strong SAXS signal had been
observed in previous studies but the origin of this scattered intensity was unknown. Pos-
sible explanations included the presence of hydrogen or argon bubbles, fluctuations in
composition or the presence of small particles of a crystalline phase.

The authors employed four incident energies near both the Cu and Ti K-edges to
identify the heterogeneity giving rise to a large ASAXS intensity. The results are shown
in fig. 4. The fact that the intensity decreases as / Q U is decreased but increases for
a decreasing /p j , eliminates the possibility of a presence of bubbles. Recall that the
intensity is proportional to the square of the difference between the electron density of
the particle and that of the matrix. If scattering had been due to bubbles, the intensity
would have decreased at both edges.

Furthermore, the authors eliminated the possibility of composition fluctuations by
comparing intensity changes at small angles with that at the first diffraction halo
(~ 3A'1). In fact, the qualitative changes observed in fig. 4 suggest that the scat-
tering is due to particles rich in Ti with the electron density of the particle being less
than that of the matrix. Gordeau et al. used the magnitude of the changes in ASAXS
spectra to conclude that the particles were small crystallites of composition

A novel application of ASAXS has been the determination of the three partial struc-
ture functions (PSF) in ternary alloys. In a binary alloy, there exists just one independent
pair correlation function which provides important information concerning local atomic
order. The Fourier transform of this function is known as the structure function S(k) and
is directly proportional to the scattered intensity. A binary alloy when heated to high
temperatures, quenched into a miscibility gap and subsequently aged for various times
will exhibit a structure function peaked at small it. As aging progresses the maximum
peak intensity increases while the position of the peak in k space decreases. The time
dependent behavior of S(ifc) is a measure of the kinetics of the first order transition known
as phase separation. Because of the ease in which the structure function can be measured
in a SAXS experiment, the various theories of phase separation are couched in terms
of the time dependence of S(k) thus allowing a direct comparison between theory and
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Figure 4. ASAXS spectra with incident energies near the Cu edge (A) and the Ti edge
(B) from a splat cooled, hydrogenenated amorphous Cu-Ti alloy. Figure reproduced
from ref [22].

Experimentally studying phase separation kinetics in the ternary case is, however,
much-more difficult and in fact, impossible without the aid of ASAXS. In a ternary system
there exist three linearly independent PSF [23] and the scattered intensity is the linear
combination of these PSF. The intensity is written as [24]:

/(*) = £ (/." - h)Ui - hT (9)

where Sy(Jfc) are the PSF describing the correlation between species i and j and the
superscript * denotes the complex conjugate. The quantity / j represents the scattering
factor of the "host" element; that is the component eliminated by the linear dependence

Extracting the three PSF from eq. 9 with conventional SAXS would, of course, be
impossible. However, by performing a series of experiments at different incident energies
such that one or more of the / ' s is changing, one obtains a system of equations which in
compact form is written as:

I(E,k) = A(E)S(k) (10)

Here A(E) is a 3x3 matrix whose elements involve products of atomic scattering factors

as indicated in eq. 9. The above equations are solved for the S{j(k) by inverting A(E).
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The pioneering work on ternary alloys [25,26] examined ASAXS near the Zn K edge in
Al-Zn-Ag alloys. An example of the decrease in ASAXS intensity with incident energies
approaching the Zn edge is shown in fig. 5. The sample of fig. 5 is of composition
Al - 14 at%Zn - 4 at%Ag and was aged for 4 minutes at 125"C. In these early studies, the

three PSF could not be determined uniquely due to the fact that the matrix A(E) is ill-
conditioned. An ill-conditioned matrix implies that the relative change in f^n is small and
as a result small errors in the measurement of the intensity lead to huge uncertainties in the
PSF. Although Szn2n(£), ^ZnAgW a nd ^AgAg(*) c o u ^ n o t be determined, weighted
sums of the PSF could be obtained quite easily. This information provides the direction
of decomposition in concentration space; that is the slope of the tie-line in the Gibbs
triangle. The time dependent behavior of the weighted PSF led to the observation of a
rotation of the tie-line at early aging times [27,28]. The phenomenon of tie-line rotation is
unique to ternary (and multicomponent) alloys and cannot be observed using conventional
SAXS.

3

10 12 K

Figure 5. ASAXS spectra for Al-14% Zn-4% Ag aged for 4 minutes at 125°. Upper to
lower curves were recorded at 8500, 9400, 9460, 9625, 9650 and 9657 eV. Figure
reproduced from ref [15].

Subsequent ASAXS studies on ternary alloys involved the Cu-Ni-Fe system [29,30].
These studies found that reliable data for ScuCuW'^NiNiM a nd ^FeFe(^) cou^ be
extracted if an overdimensioned system of equations (eq. 10) is established by employing
incident energies in the vicinity of two absorption edges (in this case Fe and Ni). In

addition, it is known that the condition number of A in eq. 10 is reduced if the three
elements in solution have similar atomic numbers as is the case for Cu, Ni and Fe. The
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results of this study are shown in fig. 6 where seven energies at the Ni and Fe edges
were utilized to compute the PSF. The data of fig. 6 refer to a Cu-42.2at%Ni-15.2at%Fe
sample heat treated for 9 hours at SOÔ C. The authors also show the ScuCu(*) c u r v e

computed from the relation ]£;- Sjj(k) = 1.

9hfS0Q*C

o.oso Q.o?s atoo OJ2S atso

Figure 6. Partial Structure functions for a Cu-42.2% Ni-15.2% Fe sample aged for 9 hrs.
at 500'C; #CuCu(*) open triangles, S ĵjjj(Jfe) open squares, £pepe(*) open circles
and Sfjjpg plus signs. Figure reproduced from ref. [30].

CONCLUSION

The technique of anomalous small angle x-ray scattering is a useful tool for deter-
mining the source of certain scattering characteristics of a given SAXS spectrum. In
addition, in instances when a SAXS spectrum is the result of a sum of intensity contri-
butions, ASAXS provides a means of determining the magnitude of each contribution.

At this point in time, the technique of ASAXS is in its infancy. The continued success
of experiments such as those described in this review, indicates that ASAXS will become
a widely used analytical tool in chemistry, physics and materials science.

ACKNOWLEDGEMENT

The author would like to thank Professor R.V. Subramanian for an explanation of
the structure of ionomers.



- 125 -

REFERENCES

1. R.W. James, "The Optical Principles of the Diffraction of X-rays." London: G. Bell
and Sons, (1965) pp. 135-192.

2. A. Freund, "Anomalous Scattering." Edited by S. Ramaseshan and S.C. Abrahams.

Copenhagen: Munksgaard (1974) pp. 69-84.

3. T. Fukamachi and S. Hosoya, Ada Cryst., A31, 215 (1975).

4. T. Fukamachi, S. Hosoya, T. Kawamura and M. Okunuki, Ada Cryst., A33, 54 (1977).

5. U. Bonse and M. Hart, Appl. Phys. Lett., 6, 155 (1976).

6. M. Hart and D.P. Siddons. Proc. R. Soc. London Ser, A374, 465 (1981).

7. P. Fouss, Ph.D. Thesis, Stanford University (1980).

8. T. Fukamachi, S. Hosoya, T. Kawamura, S. Hunter and Y. Nakana, Jpn. J. Appl.
Phys., 17. Suppl 17-2, 326 (1978).

9. D.H. Templeton, L.K. Templeton, J.C. Phillips and K.O. Hodgson, Ada Cryst., A36,

436 (1980).

10. T. Kawamura and T. Fukamachi, Jpn. J. Appl. Phys, 17, Suppl 17-2, 433 (1978).

11. J.J. Hoyt, D. de'Fontaine and W.K. Warburton, J. Appl. Cryst., 17, 344 (1984).
12. U. Bonse, I. Hartmann-Lotsch and H. Lotsch "EXAFS sad Near Edge Structures."

Springer Series in Chemical Physics, No. 27. Edited by A Bianconi, L. Incoccia and
S. Stippich, New York: Springer Verlag (1983) p. 376.

13. J.M. Dubuisson, J.M. Dauvergne, C. Depautey, P. Vachette and C.E. Williams, Nud.

Instr. Meth in Phys. Res., A246, 636 (1986).

14. H.B. Stuhrmann and A. Gabriel, J. Appl. Cryst., 16, 563 (1983).

15. J.J. Hoyt, Ph.D. Thesis, University of California (1986).

16. H.B. Stuhrmann, Adv. Polym. Sci., 67, 123 (1985).

17. H.B. Stuhrmann, Q. Rev. Biophys., 14, 433 (1981).

18. H.B. Stuhrmann, Ada Cryst., A36, 996 (1980).



- 126 -

19. H.B. Stuhrmann and H. Notbohm, Proc. Natl. Acad. Sci. USA, 78, 6216 (1981).

20. H.B. Stuhrmann, A. Phys. Chem., 72, 177 (1970).

21. Y.S. Ding, S.R. Hubbard, K.O. Hodgson, R.A. Register and S.L. Cooper, Alacromol.,
21, 1698 (1988).

22. P. Gouduau, A. Navdon, B. Rodmacq, P. Margin and A. Chamberod, J. Physique,
Coll., 48, C8-479 (1985).

23. D. de Fontaine, J. Appl. Cryst., 4, 15 (1971).

24. D. de Fontaine, "Configurations and Thermodynamics of Solid Solutions" Solid State
Physics, Vol. 24. Edited by H. Ehrenreich, F. Seitz and D. Turnbull. New York:
Academic Press (1979).

25. O. Lyon, J.J. Hoyt, R.Pro, B.E.C. Davis, B. Clark, D. de Fontaine and J.P. Simon,
/. Appl. Cryst., 18, 480 (1985).

26. J.J. Hoyt, O. Lyon, J.P. Simon. B. Clark, B.E.C. Davis and D. de Fontaine, Sol. State
Comm., 57, 155 (1986).

27. O. Lyon and J.P. Simon, Ada MetalL, 34, 1197 (1986).

28. J. J. Hoyt, M. Sluiter, B. Clark, M. Kraitchman, and D. de Fontaine, Ada Metall,
35, 2315 (1987).

29. J.P. Simon and O. Lyon, Phil. Mag. Lett, 55, 75 (1987).

30. O. Lyon and J.P. Simon, Phys Rev., B35, 5164 (1987).



- 127 -,

SESSIGN IV

DIFFRACTION



- 129 -

Single Crystal Diffraction by Synchrotron Radiation*
Aht Kvick

Chemistry Department,Brookhaven National Laboratory
Upton, JVew York 11973

The tunability and access to short wavelengths in combination with high intensity and
the low divergence of the X-ray radiation produced by synchrotron storage rings opens up
new and challenging fields for single crystal diffraction. These areas include microcrys-
tal diffraction, studies of time-dependent phenomena, element selective diffraction, studies
of materials under extreme conditions, solution of the crystallographic phase problem ei-
ther by the use of the wavelength dependency of the anomalous scattering or by direct
experimental determination of the phases. Single crystal diffraction from proteins and
macromolecules using photographic film as a detection medium has already reached con-
siderable maturity but high-precision data collections using diffractometers at storage rings
are still not routine because of the severe requirements for beam stability over extended
periods of time. Development work at institutions such as the National Synchrotron Light
Source, The Photon Factory, SSRL, CHESS, Hasylab and Daresbury however suggest that
synchrotron single-crystal diffraction will become an essential part of the research at the
synchrotron storage rings in the near future.

/. Diffraction from Small Crystals.

Many important classes of materials are only available to experimenters in the form
of powders or as microcrystals. The catalytically important zeolite framework structures
fall in this category, but other examples from ion conductors, mineralogical samples, bio-
logical materials,high- pressure applications etc. will also benefit from the high intensity
and resolution of the synchrotron radiation X-rays. Single-crystal determinations using
conventional X-ray sources are limited to crystal sizes of 50-60 /zm on edge or larger thus
excluding many materials from precise structure characterisation.The alternative powder
diffraction analysis, although markedly improved by the use of synchrotron radiation in
recent years, is limited to small to medium size structural problems and also complicated
by the difficulty in space group determination and in obtaining an initial structure model.

The potential for single crystal diffraction at synchrotrons may be understood by
inspection of a formula relating the observed integrated Bragg intensity to the intensity of
the primary beam:

1 Bragg ~{mc2) ^ ^ (y^) * VcrVst lpr,mary ^

where j^» 1S ̂ e Loren*z factor,Vceu &ndVcrVst are the volumes of the unit cell and
the crystal sample respectively, and OJ represents the angular velocity of the scan through
the reflection.
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It is clear from this formula that the high Ijrimmry intensity and the wavelength tun-
ability give the experimenter a freedom to choose a small sample , a short wavelength, a
complex structure , short recording times or combinations thereof in a fashion that will
optimize his particular experiment. At the now existing sources the intensity is already
3-4 orders higher than the conventional X-ray sources ,and the X-ray facilities under con-
struction will further increase the available flux .

The width of the Bragg diffraction peaks may be viewed as a convolution of beam
divergence, wavelength bandwidth and crystal properties such as mosaic spread. The small
divergence and the possibility for a narrow bandwidth at the synchrotrons make it possible
to record sharp Bragg peaks(t.e. peakwidths dominated by the mosaic spread) increasing
the peak/background signal from small crystals or weak scatterers.The high resolution
also makes it possible study the diffraction profiles in detail in order to understand phase
transitions , subtle space group ambiguities or thermal diffuse scattering. An example
of the resolution and Bragg peak intensity obtained from a small crystal of the synthetic
zeolite ZSM-5 is given in Fig.l (Kvick and Rohrbaugh,1987).

ZSM-5 10 0 0 Lambdo=1.51A 50x10x5 urn
A = 130574

Fig.l. Diffraction profile of the 10,0,0 reflection from a twinned 50 • 10 • 5ftm3 crystal
of zeolite ZSM-5.

Early experiments at the now existing sources (Eisenberger et.al.,1984, Bachmann
et.al. ,1985, Hoche e*.a/.,1986, Andrews et.al.,1987, Kvick, 1987, Newsam and King,1987)
have shown that meaningful diffraction intensities may be obtained from microcrystals well
below lOfim in diameter.

Structural studies under extreme conditions i.e. high pressures, high or low tempera-
tures etc. frequently limit the size of the samples or attenuates the beam by the necessity
for bulky sample chambers. The high intensity and collimation will also here markedly
improve the experimental conditions.

//. Time-dependent Studies and Studies of Crystals In External
Fields.

The resolution and high intensity can also be used in studying small changes in the
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molecular structure and electron reorganization due to chemical reactions or external per-
turbations by for instance electric fields or high intensity electromagnetic radiation from
lasers. The change in the electron density due to such perturbations can be estimated to
be very small , and excellent counting statistics is therefor needed to obtain statistically
significant results.Reactions in the solid state may also be monitored down to time-scales
of to a few hundred fi sees with the present monochromatized synchrotron X-ray sources;
even faster events may in the future be recorded by stroboscopic experiments using the
time-structure of the synchrotron radiation. Fig.2. illustrates the converse piezoelectric
effect in LiNbO3 when the polarization along the polar c axes is reversed by an external
electric field. The spatial resolution of the synchrotron radiation allows interplanar spacing
shifts ^ of well below 10~5 to be followed. The high intensity also makes it feasible to
analyze the relative atomic shifts due to the variation in electric polarisation.

TiCTft * » . 100000 nomoH COtMTS. WO HOLTS

i

Fig.2. Changes in ^ for the 006 reflection in LiNbO3 as a function of an applied
+/-V square wave electric field (50Hz) along the crystallographic c direction (Kvick ,Stahl
and Abrahams, 1987).

///. Systematic Errors.

Crystallographic work using conventional X-ray sources is frequently plagued by sys-
tematic errors such as absorption or extinction effects.The reduction in size of the crystals
now possible will naturally reduce the absorption problem since absorption depends on
the X-ray pathlength in the crystal. Extinction may similarity be reduced or completely
eliminated by the use of small samples and/or the use of short wavelengths. These re-
ductions of the systematic errors will particularity benefit the experimental charge density
studies. These studies will also gain from the increased resolution in the data obtainable
with short wavelengths giving a more precise definition of atomic positions and thermal
motion parameters(Nielsen, Lee,Coppens,1986).

IV. Conclusions.

The pioneering applications of synchrotron radiation to chemical crystallography are
very encouraging. The experimental set-up are now reaching a point of maturity where
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extensive data collections under optimized conditions are feasible although not yet routine
operations.The high intensity has been used to study extremely small samples, to improve
counting statistics and to probe the structures during short time intervals. The excellent
resolution has been used in new experiments of crystals perturbed by electric fields as well
in preliminary studies of new methods for structure determmations.Further improvement
in the synchrotron radiation sources and in the detection systems promises to further
expand the applications into new areas particularily in the time-dependent region.
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Scope of the New Crystallography

It has become increasingly clear that Crystallography is being

revolutionized by the availability of highly intense, tuneable, low

divergence, pulsed synchrotron sources. New applications are developed at

present "second generation" facilities which include the National

Synchrotron Light Source, The Stanford Synchrotron Radiation Laboratory, the

Cornell High Energy Synchrotron Source, the Hamburg Synchrotron Laboratory,

the Photon Factory in Tsukuba, Japan, the Daresbury Synchrotron Laboratory

in the U,K, and others. Third generation sources now in the planning or

early construction stages, such as the Advanced Photon Source, will offer an

additional increase in brightness of three to five orders of magnitude and

practically unlimited new possibilities.

One of the great successes of X-ray crystallography has been the ability

to perform almost routine structure determinations of small and moderately

large structures. The new Crystallography goes beyond this now analytical

technique, and concerns structure of and phase transitions at solid

surfaces, microcrystallography of u-sized samples, the response of crystals

to external perturbations, modulations in crystals, the analysis of very

large (up to 1000A edge) unit cell structures of viruses and ribosones,

time-resolved phenomena, polarisation dependence of anomalous scattering,

high pressure phases, and other applications.

Table 1 shows the effect of the increase in brightness. With typical

scattering powers and conventionaly sized samples the counting rates

achievable far outstrip the capability of today's counter technology. This
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Table 1. Intensity Considerations

Typically with Present Sources lg~ 101 1 Photons/mrr&sec

and 10"6< Wo < 1 0 *

10 5 < I « 108 photons/sac

We have a counter problem!

We can study smaller crystals, surfaces, very weak reflections,
very large unit cells.

Surfaces 10A diffracting layer

10A/10Qn- 10/106 — > 1 < I < 103p/s

Small Crystals lOu. x 10n x lOu, - > 102 < I < 105 p/s

Very Weak Reflections example: satellite reflections in TTF-TCNQ

with intensity 10"4 times main reflections

—> 10 < I < 104 p/s

Very Large Unit Cells example: viruses with 10O0A unit cell edge

Roughly F increase with square of volume

N decreases with cube of volume

N2 /F2 reduced by factor 104 compared with 1 oA unit cell

10 < I < 104 p/s
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means that we can study much smaller aggregates of atoms, such as surfaces,

monolayers or microcrystals, or very large unit cell crystals of

macromolecules, which have a much smaller scattering per unit volume. We

can also study weak effects, such as the response of a crystal to an

external electric field or a laser beam. Using very small crystals with

very short wavelength radiation at low sample temperatures has the potential

for an unparalleled increase in accuracy. The tunability of the beam is

opening up a new field of contrast crystallography, in which scattering

factors of atoms are varied near their absorption edges to obtain selective

contrast of atomic species. This is of particular importance in complicated

inorganic materials, such as the non-stoichiometric quinary high T

ceramics.

We will give examples of several applications to chemical problems,

taken from our work during the past three years at CHESS and the SUNY

beamline at NSLS.

Measurement of Very Weak Reflections: Modulations in TTF-TCNQ

It is well known that the one-dimensional conductor TTF-TCNQ

(tetracyanoquinodimethanide-tetrathiofulvalene) undergoes a Peierls

transition at 53K and further transformations at 49 and 38K. Though the

modulation vectors have been determined with both X-ray and neutron

scattering techniques and the average structure is known at 15K, no direct

measurements of the molecular displacements have been reported.
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The scarcity of experimental information is due to the weakness of the

satellite intensities which are typically not more than 10 times the

intensities of the main reflections. With the use of high-intensity

synchrotron radiation it is possible, however, to measure at least the

first-order satellites with adequate counting statistics.

Using the SUNY X21 (now X3) beamline at NSLS, we have measured a total

of 1342 reflections, including 1154 satellite reflections with sin 6/A in

the range of O.2-O.5A , using a crystal with dimensions 2.40 x 0.96 x 0.52

mm, mounted in a DISPLEX cryostat. Satellite intensities on an absolute

scale were obtained by scaling each of the measured intensities with the

2
ratio of the main reflection F value calculated with the parameters of the

45K structure determination and the measured intensity of the main

reflection.

Analysis of the satellite structure factors shows that the main

displacement is a translation of the TTF molecules with amplitude 0.0191(8)

A. The polarization vector for this translational displacement lies within

experimental error along the long axis of the molecule, and thus does not

affect the interplanar spacing of the molecules. The other translational

displacements of TTF and all translations of TCNQ are smaller than 0.007 A.

All rotations are less than 0.2°, and about the long molecular axes.

The results show that the 2kp charge density wave in the low temperature

phase is mainly localized on the TTF chains; it has both transverse and

longitudinal components as its main feature is a relative slip of the TTF

molecules. The possibility that the 4kp distortion is mainly localized on
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the TCNQ chains requires measurement of the 4kp satellites, which will be

the subject of future studies.

Though the displacements associated with the Peierls transition are

small, they have a dramatic effect on the properties as the organic metal

becomes insulating at the transition point.

2High-Resolution Studies of the Electron Distribution in Crystals '

During the past two decades methods have been developed which allow

mapping of the charge density distribution in crystals with the help of

carefully collected diffraction data. The methods have been used to

calibrate theoretical calculations, and give charge densities which agree

with advanced, but not with more approximate methods. In a number of cases

it has been possible get information on the nature of the electronic ground

state of complexes with closely spaced energy levels for which various

theoretical methods gave contradictory results. It has also been possible

to identify the effect of the molecular environment on the electron density

in the case of strongly hydrogen bonded molecules. Presently an accuracy of

about 0.03eA can be achieved in such studies.

The limitations to further increases in accuracy of the experimental

charge densities are summarized in table 2. They concern counting
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Table 2. Limitatfons of Accuracy

• Absorption of beam in crystal

• Extinction

- Multiple reflection

- Counting statistics

- Data cut-off d > x/2

Table 3. Formulae for Scattering from a Perturbed Crystal

I- - (A - AA")2 + (B - AB-)2

>

1+ - 1° - 2(AAA+ + BAB+) + (AA+)2 + (AB+)2

fi - I" -2(AAA- + BAB") - (AA-)2-(AB')2

for AA* s AA", AB+ x AB'

I* - I* -4(AAA + BAB)
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statistics, rescattering of the photon beam within the sample, difficulty of

accurate absorption corrections, thermal diffuse scattering, and lack of

resolution due to wavelenth cut-off. With high intensity, low-divergence

synchrotron radiation the sample size can be greatly reduced, counting

statistics can be improved and a much shorter wavelenth can be selected for

the experiment. Each of these reduces the the limitations listed in the

table. The advantages are such that a much higher accuracy can be reached,

provided, of course, the availability of a stable synchrotron source. Thus,

the potential of the method as an analytical tool can be greatly increased.

We have done a first such study using the Cornell High Energy

Synchrotron Source, using 0.3A photons from the A2 wiggler beamline. In

order to be able to Judge the precision of the measurements a highly

symmetric crystal with moderately sized unit cell was selected. Crystals of

Cr(NH_),Cr(CN), are rhombohedral and belong to the space group R3c. They are

relatively hard and thus permit the collection of data to larger values of

sine/A.

The density deformation map is given in figure 1. It represents the

difference between the experimental electron distribution and the

distribution corresponding to a superposition of unperturbed, spherical

atoms. The map shows lone pair peaks at the carbon and nitrogen atoms,

bonding density in the CN bond and asymetric features around the chromium

atoms, with the negative areas being more shallow in directions away from

the ligands. The noise level in the regions away from the atoms attests to

the quality of the results, which is as good or better than the best room-

temperature results from conventional sources.
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In order to take advantage of the high resolution possible with short

wavelengths i t i s necessary to perform the studies at lower temperatures. A

first such experiment was performed at the CHESS beam line using a focused

beam and liquid helium temperature cryogenic equipment. The study on

2-6H2O has achieved very high resolution, with data up to

sin6/X= 1.8A" having been collected. However, i t i s not yet of the

accuracy required for a charge density study. Further improvements in the

cryogenic equipment are now being implemented.

Figure 1. X-X deformation maps in the Cr(CN). plane
based on parameters from the high-order
refinement (sin-0/* > 0.7A . Contours at
O.OSe A" , negative contours broken. After
averaging over chemically equivalent regions,
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Non-linear Optical Crystals in an External Field

The vary high intensity of the synchrotron beam makes it possible to

study small effects, such as the response of a crystal to an external

magnetic field. Analysis of this response gives information on the

polarizability at the atomic, rather than the macroscopic level.

We have examined the scattering of a crystal of 2-methyl 1-nitroaniline

(MNA) in an external 50Hz electric field of 10 V/n, using the X13

(presently X7) beamline at NSLS. This organic solid is one of the best

known non-linear optical materials. The X-ray scattering signal was gated

to two different counting chains synchronized with the field frequency.

The relative difference between the two measurements AI/I is reproducible

and significant. An example is given in figure 2.

Figure 2. Plot of intensity versus angle for total

scattering (top) and difference scattering

(bottom) (x42.7) of the h,k,l«4,0,6 reflection

of a crystal of 2-methyl-4-nitroaniline sub-

jected to external fields of +106 and -106

V/D; voltage, 1000V; frequency, 35 Hz; scan

width, 0.80C0; Eaximum intensity (IBax)»

. 2497; IBean, 4034343; dl/I,169981;

0.2624%. The lower curve is the difference

between the scattering with field up and

field down.
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The maximum value for the reflections measured is about Hf. Analysis of

the data is in progress. There is evidence for both molecular reorientation

and polarization of the molecule. The analysis requires novel algorithms

for the scattering of a perturbed crystal. The equations derived are quite

generally valid for crystals subject to external perturbations (table 3).

Selective Contrast Through Anomalous Scattering

In many inorganic and organomineral solids deviations from stoichiometry

occur, which lead to substitutional disorder of the atomic sites. An early

example of the ability of synchrotron radiation to identify the site

occupants through the use of anomalous scattering near absorption edges is a

study of Co-Fe spinel by Yakel. The problem is especially pronounced for

high T ceramics. Notwithstanding the very large number of publishedc

reports on the Bi and Tl copper-oxide superconductors, for example, the

question of site occupancy has not been properly resolved.

Using crystals obtained from Dupont Research Laboratories, we have

recently performed a series of measurements near the Cu absorption edge to

indentify Cu occupancy of the Bi planes. A parallel series of mesurements

near the Bi edge is to be made in the near future. The data are presently

being analyzed.
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Conclusion

Of the great many applications of synchrotron radiation in the field of

Chemical Crystallography, few have been explored so far. In particular, APS

and ESRF will give further orders of magnitude improvements, and open other

novel possibilities, such as the study of very small microcrystals in

external electric, magnetic and electromagnetic fields. Such experiments

require very good sample stability and a stable beam, both in position and

intensity. The changes ahead will be dramatic if such conditions can be

met.
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PHYSICOCHEMCAL PROPERTIES OF BIOLOGICAL LIQUID CRYSTALS USING
TIME-RESOLVED X-RAY DIFFRACTION.

Martin Caffrey, Department of Chemistry, The Ohio State University,
Columbus, Ohio 43210

A method, referred to as time-resolved x-ray diffraction (TRXRD),
has recently been developed which facilitates the direct and quantitative
measurement of bulk biological liquid crystal (lipid) phase transitions (1-
15, 20, 21). Mechanistic insights are provided by the ability to detect
transition intermediates. The method combines the advantages of a
focused, monochromatic synchrotron derived x-ray beam and a suitable
live-time x-ray imaging device to continuously monitor diffracted x-rays
from the transforming lipid. Kinetic and mechanistic studies are
performed by using TRXRD in conjunction with relaxation measurements
following the imposition of a rapid perturbation in one or more
thermodynamic variables. The ultimate goal is to understand the
mechanism of lipid phase transitions and the structural interrelationships
of the different mesomorphs. This should greatly augment our
appreciation of the physiological role of lipids and our understanding of
the physicochemical properties of these liquid crystalline materials (16,
18, 19).

The method of TRXRD represents what amounts to a technological
conjugation of diverse technologies in a way that is extending our
knowledge and understanding of material properties. The relevant
technologies encompass synchrotron radiation, x-ray optics, sample
manipulation and applied variable measurement, x-ray imaging and data
analysis.

Insofar as the dynamics and mechanism of phase transitions are
concerned, TRXRD provides two important pieces of information: 1)
transition kinetics obtained by following the relaxation of the system in
response to an applied perturbation and 2) details of intermediates that
from in the process. These data provide a basis for formulating,
evaluating and refining transition mechanisms.
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The TRXRD method is information-dense in the sense that an
enormous amount of additional detail is provided in the course of the live-
time measurements. Needless to say, the proposed mechanism must be
consistent with such details. As an example, consider a TRXRD experiment
conducted with a T-jump perturbation. The additional information
gleaned from such an experiment includes: 1) the temperature
dependence of the measured variable(s) in single and coexisting phase
regions, 2) phase (and intermediate) lattice type and symmetry, lattice
parameters, commensurability, 3) domain size, coherence length, disorder
(in the form of diffuse scatter), 4) sample orientation, phase coplanarity,
crystallinity, 5) reversibility, hysteresis in the transition temperature,
phase type and lattice parameters, 6) continuous or discontinuous nature
(order) of the transition, structural connectivity of adjacent phases, 7)
temporality of changes in long- and short-range order, 8) cooperativity,
thermal width of the transition, 9) lipid mixing, phase separations, and 10)
temporal correlation of thermal events and structural rearrangements.
Such a wealth of information supports the view that TRXRD is a powerful
technique not only for establishing lipid phase transition kinetics but also
for providing useful insights into transition mechanisms.

The experimental arrangement used by the author in making TRXRD
measurements is shown schematically in Figure 1. The essential
components of this system are the synchrotron source, monochromating
and focusing optics, the sample, the detector and recording and image
analyzing devices (2,3,6). The former includes an image intensifier tube,
while the latter incorporates a charge coupled device (CCD) video camera,
tape recorder and monitor and a digital image processor. Sample
manipulation devices have been omitted from the figure for sake of
clarity. It is emphasized that the system shown in Figure 1 represents but
a single configuration and that there are many more possible
arrangements. Furthermore, the experimental arrangement is constantly
being modified, reconfigured and upgraded. Flexibility in terms of
equipment and experimental design is one of the more critical aspects of
successful TRXRD measurements.

A summary of the results to date pertaining to lipid phase transition
kinetics established by TRXRD follows.

• Some lipid phase transitions are fast, occurring on a time-scale of
milliseconds, while others are extremely sluggish requiring weeks
to complete.
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Certain transitions are equally fast in the forward and reverse
direction. Others have rates that differ by many orders of
magnitude.

Many of the transitions studied appear to be two-state in the
sense that at any point during the transition only two phases co-
exist (2,3,15). In contrast, other transitions are continuous,
displaying a pronounced second order character (20) while others
again reveal the presence of transition intermediates (3).

While some transitions are readily reversible and non-hysteretic
in phase type, lattice parameters and transition temperature,
others are extremely hysteretic (2,3,15,20).

For certain lipid systems, transition rates are independent of
hydration, salt concentration, lipid identity, changes in the
periodicity of the transforming phases and in long- and short-
range order but are dependent on the magnitude and direction of
the T-jump (2,3).

Long-range order is preserved throughout many lipid phase
transitions (2,3,15). This suggests that the transforming units
remain coupled and undergo the transition cooperatively and that
long-range order is established rapidly in the nascent phase. In
contrast, other transitions involve an intermediate state devoid of
long-range order. In such cases, the precipitous loss of the
(ordered) phase undergoing change is accompanied or followed
by the emergence of diffuse scatter and/or line broadening which
sharpens up with time and eventually gives way to the ordered
nascent phase (2,3,15,21).

Depending on the system, temporal correlations of changes in
long- and short-range order may (20) or may not (2,17) exist.

In many of the transitions studied thus far, the interconverting
phases appear to be incommensurate (2,3). This may reflect a
bias toward the use of such systems which, by virtue of having
distinct and well-resolved, diffraction patterns, are more easily
characterized.
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• In certain systems, changes occur in short-range order without a
corresponding adjustment in long-range order of the
interconverting phases (20).

• In addition to rearrangements occurring during a phase
transition, quite extensive and rapid changes take place within
single phase regions. For example, the cubic phase unit cell
volume in hydrated monoolein shrinks at a rate of 33% of its
initial value per second during the course of a (66°C) T-jump (3).
This implies facile lyotrope transport throughout the three-
dimensional cubic network.

Despite the newness of the TRXRD technique, the data collected thus
far show that a sizeable body of information has been gathered concerning
the dynamics and mechanism of lipid phase transitions. Further, the data
serve to illustrate the potential of this approach in revealing the molecular
structure and compositional dependence of mesomorph stability and
interconvertibility and, ultimately, the underlying transition mechanism.
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Figure 1. Schematic diagram of the experimental arrangement for monitoring x-ray diffraction in live-time
using synchrotron radiation (not drawn to scale). White radiation from the synchrotron is
simultaneously nonochromatized (g * 1.57 A , 7.9 keV) and horizontally focused by a 10 cm long,
cylindrically bent germanium or silicon crystal. Higher order harmonic contaminants (g/3, etc)
are eliminated and the 7.9 keV beam reflected and vertically focused by a 60 cm long nickel- or
platinum-coated mirror. The monochromatic beam is focused to a point 1.5 mm wide x 0.2 mm
high. X-rays diffracted from the sample are allowed to strike the fluorescent screen of a
three-stage intensifier tube used for image intensification. The image is displayed dynamically
on the intensifier tube and recorded using a CCD camera fibre optically coupled to the
intensifier tube and a video cassette recorder. Lipid samples in glass or quartz capillaries
are mounted in a goniometer on the low-angle diffraction camera. A thermocouple to monitor
sample temperature i s placed either in or next to the capillary as dose to the x-ray beam as
possible. Along with the two-dimensional diffraction image/ the experiment number, elapsed time
in seconds and frame number, sample temperature and incident intensity are recorded
simultaneously on video tape. Typical operating conditions at the Cornell High Energy
Synchrotron Source (CHESS) are as follows: electron beam energy, 5.3 QeV; three electron bunch
mode with a total of 20-60 mA; repetition rate, 106 Hz; radiation pulse duration, 130
ps/electron bunch; total flux at the focal spot, 10 l z photons s"1 (3 x 1010 photons delivered
through a 0.3 mm diameter collimator).
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The Application of Synchrotron Topography to Solid State
Beactions.

HICHAEL DUDLEY, Department of Materials Science and Engineering,
SUIT at Stony Brook, Stony Brook NT 11794.

Abstract.

The question as to the role of defects and generalized strain
fields in solid state reactions occurring in single crystals has
been the subject of an enormous amount of research over a period
of many years. During this time, the techniques which have been
most often employed in the endeavour to provide an answer to this
quest ion are o p t i c a l microscopy and transmission electron
microscopy. Unfortunately these techniques have inherent
drawbacks which have restricted most conclusions which have been
drawn in t h i s area to being s p e c u l a t i v e or i n f e r e n t i a l .
Nevertheless, these techniques have contributed greatly to this
f ie ld . However, the prospects for vast enhancement of the extent
of progress in this field have been greatly improved through the
application of X-ray topographic t e c h n i q u e s , p a r t i c u l a r l y
synchrotron topographic techniques. This paper discusses in
detail the application of synchrotron topographic techniques to
the study of sol id state react ions . The advantages of these
techniques over prev ious ly used techniques w i l l a l so he
discussed, as well as challenges for the future.
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Introduction.

Over the years a considerable amount of interest has been
generated in studying various topics relating to or derived from
reactions which occur in the solid state. The growing importance
of such reactions, which include, for example, organic solid
state polymerization reactions and inorganic decomposition
reactions (we will include solid state phase transformations in
molecular crystals in the present discussion, albeit separately)1
can be variously attributed to both technologically based
driving forces on the one hand and purely esoteric research based
driving forces on the other. In general, this growth has led to
an increased demand for techniques capable of identifying the
particular reactants, intermediates, and products, as well as
providing information where possible on their respective internal
structures and microstructures.

With respect to identification of species, the techniques of
Electron Spin Resonance (ESR),2 Electron Paramagnetic Resonance
(EPR)3 and Fourier Transform Infrared (FTIR) Spectroscopy have
found widespread application.3 With respect to internal
structure, the demand has led to a resurgence in X-ray and
electron structure determination techniques, with the necessity
for particular emphasis to be laid on the need to avoid radiation
damage or radiation induced reaction. Many of the reactions of
interest occur only in the crystalline state, some only in single
crystals, so that with respect to microstructure the demand
requires imaging techniques capable of revealing crystallographic
defect microstructures and general strain distributions in
crystalline materials. In this context the impetus for
microstructure determination is provided by the desire to
determine the influence of crystalline defects and general strain
fields on reaction mechanisms and subsequent reaction kinetics.
Transmission electron microscopy (t.e.m.) has been widely used
for such studies (for recent review see Ref.(4)), although the
high potential of electron beam induced heating and damage in
many molecular crystals (which, in some cases, can be overcome,
to a certain extent, by the use of low voltages and cold
stages^), can lead to only limited applicability. Damage
potential, in addition to the potential for contamination in the
microscope, usually rules out in situ studies of crystals
undergoing reaction; a major failing of the technique which is
still to be overcome. Nevertheless, useful information can be
obtained before and after reaction has occurred (for example see
Ref.(6)), although usually not on the same region of the same
crystal. Further problems arise in t.e.m. due to the requirement
for very thin specimens, which may be both difficult to prepare
and perhaps may not be representative of bulk samples, although
again this can be overcome in certain circumstances.^ However,
one unavoidable problem with the technique is its very small
lateral field of view, which can make defect visualization in the
relatively high quality crystals, which are desirable to be able
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to discern the effects of defects on reactivity, a statistically
difficult proposition. Generally, this small field of view makes
it very difficult to obtain an appreciation of the changes that
have taken place in the crystal as a whole, i.e. both on the
surface and in the bulk. As a result of these various drawbacks
some solid state chemists have turned to the technique of X-ray
diffraction topography?, hereafter referred to simply as
topography.

The use of topography eliminates the need for sophisticated
sample preparation procedures (crystals can, in some cases, be
used virtually as grown, in other cases simple cleavage or
cutting followed by washing usually suffices). Similarly the
field of view can be made as large as required (anywhere from a
few square centimetres up to hundreds of square centimetres,
depending on the source). This, coupled with the vastly superior
strain sensitivity of the technique compared to that of t.e.m.
(which stems from the much weaker interaction of X-rays with
materials, compared to electrons), makes the technique capable of
discerning the potentially very weak long range effects of the
localized strain fields which might be associated with the early
stages of reaction, if reaction occurs heterogeneously, for
example at defects. The weaker interaction of X-rays with
materials compared to electrons also means that beam induced
damage is generally less of a problem. As will be shown, the
advent of bright synchrotron radiation sources, also opens up the
possibility of conducting, real time, in situ studies of the
influence of defects on single crystal reactivity.

Two main realms of topography have evolved over the years, those
which utilize radiation from conventional X-ray generators (such
as sealed tube or rotating anode generators) and those which
utilize radiation from synchrotron X-ray sources. By way of
introduction "conventional topography" will be described first,
then "synchrotron topography" will be introduced along with its
advantages.

Conventional Topography.

Generally speaking, topography is a diffraction imaging technique
which is capable of revealing the defect microstructure in large
(cm3), near perfect, single crystal specimens. Several distinct
techniques utilizing radiation from conventional generators have
been developed. These include: the Berg-Barrett, Barth-
Hosemann, and Lang Techniques, respectively (for a review see
(8)). The most commonly used of these techniques is the
transmission Lang technique. In this technique the crystal to be
studied is set on a goniometer with the g vector of the intended
diffracting planes lying parallel to the plane in which
diffraction is to occur (usually the horizontal plane), and then
oriented for diffraction of a Kotl characteristic line from these
planes. The resulting diffracted beam is usually recorded on a
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photographic detector. The angular resolution required to
exclusively resolve this characteristic line is usually achieved
by collimation of the incident beam via appropriately placed
slits. This usually results in an incident beam which has been
restricted to a thin vertical "sheet" of X-rays. Images recorded
in this stationary configuration are known as section topographs
since under the correct conditions one can discern a cross-
sectional view of the defect content of the crystal. In order to
get large volume coverage it becomes necessary to traverse the
ensemble of crystal and detector in front of the incident beam.
(It should be noted that the combination of drastic collimation
and the necessity for translation usually leads to long exposure
times). The image of the diffracted beam so produced, which is
essentially a two dimensional projection of the diffracted
intensity from the irradiated volume of crystal, constitutes a
Lang or Projection X-ray topograph.

The real information available in an X-ray topograph is
manifested in the form of contrast, so called topographic
contrast, within the projected diffraction spot. This topographic
contrast arises from differences in the intensity diffracted as a
function of spatial coordinate inside the crystal. Diffracted
intensity is a sensitive function of local crystal perfection.
For example, highly mosaic regions of crystal will diffract
kinematically, whereas more nearly perfect regions of crystal
will diffract dynamically. Kinematical diffraction is
characterized by an absence of the primary extinction effects
which are the essence of dynamical diffraction. This leads to an
increase in diffracted intensity with an increase in mosaicity,
eventually reaching the limit of the "ideally imperfect crystal",
as was nicely demonstrated by the work of White9. The difference
between the intensities diffracted from one region of crystal
which diffracts, kinematically, and another which diffracts
dynamically is one of the ways that dislocations can be rendered
visible in topography (see later). However, the situation is not
as simple as this. Even for a crystal which diffracts
dynamically, the diffracted intensity is a sensitive function of
the local distortion in the crystal. In addition, the type of
contrast which arises from a particular type of distortion is
also a function of the absorption conditions in the crystal. It
will be a useful excercise to briefly review the contrast
mechanisms which arise in topography. Particular attention will
be paid to those mechanisms which give rise to dislocation
images.

It is important to point out that the contrast from individual
defects will only be discernible if the spatial resolution is
adequate. There is no magnification involved in topography, due
to the fact that no lenses (in the normal sense of the word)
exist for X-rays, and spatial resolution is controlled solely by
geometry. The geometrical factors arise as follows. With any kind
of X-ray generator the source always has a finite size. For
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example there is always a finite height to the source focal spot.
Thus the possibility arises that at a given point in the crystal
the diffracting planes will receive radiation at the correct
Bragg angle, from several different points located at different
heights on the focal spot. This imparts a finite vertical
divergence to the diffracted beam, and hence gives rise to a
blurring effect in the resultant image. The amount of blurring is
proportional to the inverse of the distance between the crystal
and detector. In the horizontal plane, diffraction occurs over a
finite range of angles determined by the convolution of the
crystal rocking curve width with the width of the K line.
Effectively this finite acceptance angle means that a given point
in the crystal receives radiation from a finite width on the
source. This width can be determined by back projecting the fan
of incident rays accepted at a point in the crystal, to the
source itself. Again a finite divergence, this time in the
horizontal plane, can be attributed to the diffracted beam, and
again a blurring effect will be evident. However, as can be
verified by simple calculation, the limiting factor in
determining spatial resolution is the finite source height,
rather than the finite effective source width.

Since the spatial resolution is inversely proportional to the
distance between the crystal and detector, this distance should
be minimized. However, the optimum spatial resolution of the
photographic detectors typically utilized in topography is around
1 micron, so that the distance between detector and crystal is
usually set to yield a calculated spatial resolution which
approximately coincides with this. It should be noted that while
this spatial resolution is greatly inferior to that of electron
microscopy, it can be more than sufficient for the high quality
crystals of many materials which can currently be grown, although
admittedly, the growth of large near perfect crystals of some
systems can prove to be an elusive task.

Before we enter into a discussion of topographic contrast
mechanisms let us first introduce the technique of synchrotron
topography.

Synchrotron Topography.

The advent of dedicated sources of synchrotron radiation has
enabled the development of a new realm of topography, synchrotron
topography. Synchrotron radiation has numerous advantages over
conventional radiation when applied in topography. These
advantages derive from the high brightness, tunability, and
natural collimation of synchrotron radiation.

One of the most important synchrotron topographic techniques
developed is White Radiation Topography. 10, 11 This technique is
basically analogous to the Laue Transmission technique, except
with greatly enhanced capabilities which derive from the
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aforementioned natural collimation and high intensity of the
synchrotron beam. The natural collimation (typically "2x10"^
radians in the vertical plane coupled with an acceptance angle of
typically a few milliradians in the horizontal plane) allows the
use of very long beamlines to maximize the area of the beam
delivered at the sample without incurring significant losses in
the total intensity originally available at the tangent point.
This situation contrasts with that which would hold for the
isotropic emission from a conventional source. The large beam
area delivered at the sample location allows studies to be
carried out on large scale single crystals, without the need for
cumbersome translation mechanisms, such as those necessary in
conventional topographic techniques. As will become apparent,
this also opens up the possibility of carrying out in situ,
dynamic experiments, a particularly important point when
considering the application of the technique to the study of
solid state reactions. Long beamlines also lead to small angles
subtended by the source at points in the specimen, which in turn
leads to excellent geometrical resolution capabilities. Thus, in
summary, we have in a synchrotron source a large area X-ray beam,
with inherent low divergence, and with excellent geometrical
resolution capability.

Consequently, if a single crystal is oriented in this beam, and
the diffracted beams recorded on a photographic detector, each
diffraction spot on the resultant Laue pattern will constitute a
map of the diffracting power from a particular set of planes as a
function of position in the crystal with excellent point to point
resolution (typically of the order of less than one micron). In
other words each diffraction spot will be an X-ray topograph.

The excellent geometrical resolution capability has another
important consequence since it relaxes to a certain extent the
requirement of having very small specimen detector distances
(<1 cm) in order to achieve good resolution. Thus, crystals can
be surrounded with elaborate environmental chambers,
necessitating considerable increases in specimen detector
distances (which would lead to intolerable resolution losses in
conventional systems), without significant loss of resolution.
Again this is important if one is considering using the technique
to study solid state reactions.

The high intensity over the wide spectral range of the radiation
emitted has several important advantages. Not only are exposure
times necessary to record a topograph drastically reduced from
the order of days on conventional systems to seconds on a
synchrotron, but since we have a white beam, a multiplicity of
images is recorded simultaneously. This leads to an incredible
enhancement in the rate of data acquisition. The multiplicity of
images also enables extensive characterization of strain fields
present in the crystal. For example, instantaneous dislocation
Burgers vector analysis can become possible by comparison of
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dislocation images obtained on several different Laue spots.
Similarly, lattice rotation in the specimen can be characterized
by analysis of the asterism observed on several different Laue
spots. In addition the good signal to noise ratios obtained
associated with the high intensity also open up the possibility
of direct imaging of topographs. Thus it becomes possible to
conduct truly dynamic, quasi real-time experiments making it
particularly suitable for the study of solid state reactions.

Another important advantage of the white beam topographic
technique over conventional topographic techniques, is its
enhanced tolerance of lattice distortion. The wide spectral
range available in the synchrotron beam, allows crystals which
either exhibit a uniform range of lattice orientation (for
example are uniformly bent by a small amount) or which contain
several regions of distinctly different orientation (for example
contain subgrains, grains or twinned regions) or regions of
different lattice parameter (for example contain more than one
phase) to be imaged in a single exposure. As already mentioned,
analysis of Laue spot shape or Laue spot asterism (the deviation
from the shape expected from an undistorted crystal) enables
quantitative analysis of lattice rotation. Simultaneous
measurement of the variation in diffracted wavelength as a
function of position in the Laue spot, for example using a solid
state detector, also enables determination of any variation in d
spacing of the particular diffracting planes. It is also
important to point out that useful microstructural information
can often still be obtained from distorted Laue spots. Those
crystals which exhibit a uniform range of lattice orientation
give rise to either a magnified or reduced topographic image
depending on whether the X-ray entrance surface is concave or
convex. However, the local strain sensitivity of the technique
is preserved, for example sensitivity to the strain fields around
dislocations and precipitates and other defects. For those
crystals which contain several regions of distinctly different
orientation, each region of uniform orientation yields its own
topographic image, which may, of course lead to image underlap or
overlap, depending on the particular relative orientations.
Again the strain sensitivity within each region giving rise to a
topographic image is preserved. Similar effects to these latter
are observed in the case of crystals containing regions of
distinctly different lattice parameter. Thus the technique might
be used to examine crystals which are being subjected to the
internal distortion fields associated with the initiation and
progress of solid state reaction.

By comparison, in the conventional topographic case the maximum
tolerable range of misorientation is defined by the convolution
of characteristic line width with the beam divergence. Since
both of these quantities are small (typical line widths are of
the order of 10~3 A, typically equivalent to an angular
divergence of 0.5x10-3 radians, and typically, beam divergences
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must be less than 10-4 radians in order to obtain the necessary
angular resolution in the plane of diffraction), misorientations
greater than a few arc seconds lead to the situation where only
part of the crystal fulfils the diffracting condition at a given
time. In other words Bragg Contours are produced, effectively
giving blind spots in the crystal. Clearly this is a very
undesirable situation if dynamic type studies of, for example,
solid state reactions in large single crystals are to be
conducted.

Contrast mechanisms operative in white beam topography are
largely similar to those which are operative in Lang topography,
with some notable subtle differences.12 Some of these differences
are due to the fact that in white beam topography one has the
added complication of harmonic contamination which may lead to a
situation where more than one contrast mechanism operates in a
single topograph. Nevertheless, it is informative to review basic
contrast mechanisms as being pertinent to both Lang and white
beam topography, since differences encountered are usually the
exception rather than the rule.

Contrast Hechanisas in Topography.

It is customary to classify topographic contrast mechanisms
according to the absorption regime within which the experiment is
being conducted. Absorption conditions are usually defined by
determining the product of the linear absorption coefficient, p,
and the thickness of crystal, t> traversed by the X-ray beam, or
simply pt. Generally three regimes of absorption are identified,
low, intermediate and high, corresponding to yt values of < 1-2,
2-4, and >10, respectively. For convenience, each of these
regimes will be dealt with separately, although, as will become
evident, they are all interrelated.

(a) Low Absorption Conditions.
Topographic contrast mechanisms under low absorption conditions
are by far the simplest to understand, and it is for this reason
that topographers often strive to work within this regime,
preferring to avoid the more complicated dynamical effects which
can arise under higher absorption conditions. The main mechanism
of contrast formation under these conditions is related to the
presence or absence of primary extinction effects. As briefly
mentioned earlier, in regions of crystal which diffract
dynamically, primary extinction effects are operative, whereas in
regions which diffract kinematically these effects are absent.
The phase shifts associated with primary extinction effects lead
to an overall reduction in diffracted intensity, so that the
absence of primary extinction effectively leads to enhanced
diffracted intensities. Consequently, if the mode of diffraction
- dynamical or kinematical - varies as a function of location in
the crystal, contrast should become evident according to these
differences in diffracted intensity.
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By way of illustration consider the distortion field around a
dislocation in an otherwise perfect single crystal. It has been
shown 13 that there is a region of crystal which surrounds the
dislocation line where the distortion field is such that
dynamical diffraction, along with its associated extinction
effects, is no longer operative. Rather, the region behaves like
a miniature mosaic crystal which is embedded in the parent
crystal, and which diffracts kinematically. This effect can be
quantified as follows. When a crystal diffracts dynamically it
does so over a finite range of incidence angles, . This range is
determined by the particular diffraction conditions, and is
typically of the order of a few seconds of arc. Usually the
divergence of the incident beam is somewhat greater than this,
which means that typically only a small proportion of a given
incident beam will actually undergo diffraction, with most of the
incident beam passing straight through the crystal, and simply
undergoing normal photoelectric absorption. However, if the
undiffracted portion of the incident beam should encounter
distorted regions present inside the crystal, it becomes possible
that these regions be set at the correct orientation for
diffraction of this portion of the beam, provided that their
m i s o r i e n t a t i o n , or what the X-ray beam d e t e c t s as a
misorientation (see paragraph which immediately follows), is not
greater than the incident beam divergence.

Basically, in diffraction of a monochromatic X-ray beam, there
are two ways a distortion field can influence the local
diffracting conditions; it can either change the spacing of the
diffracting planes or change the orientation of the diffracting
planes, or both. Both of these translate, as far as the incident
beam is concerned, into a misorientation, as illustrated in the
differential form of Braggs Law.

A6 = Ad/d tan 8 - w
where w is the contribution of lattice rotation to the
misorientation.

It is usual to define this misorientation with respect to some
reference orientation, such as the condition for exact fulfilment
of the Bragg condition. This latter misorientation is referred to
as the deviation from the exact Bragg condition, A6g . Generally
an incident beam will not initially be set exactly in fulfilment
of the Bragg condition i.e. it will start out in the perfect
region of crystal with a finite deviation. Subsequently, a
distortion field may give rise to a further deviation, and it is
then customary to define an "effective misorientation", 5(A9g),i4
which is simply the change in the deviation from exact Bragg
condition which is encountered by the incident beam as it
traverses the crystal. If this effective misorientation is
larger than the perfect crystal rocking curve width, yet smaller
than the effective beam divergence, then the distorted region
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will give rise to a new diffracted beam. Further, if the
distorted region is small in size, as is the case for the volume
of interest surrounding the dislocation, then the region itself
should diffract kinematically. In addition, since the distorted
region is misoriented with respect to the parent crystal the
resulting diffracted beam will not be at the correct orientation
with respect to the relevant perfect crystal planes to undergo
the primary extinction effects which are otherwise operative. As
a result the diffracted beam which emanates from the distorted
volume of crystal will only undergo normal photoelectric
absorption on passing through the crystal and will not suffer the
effective enhanced absorption associated with extinction effects
to which the diffracted beams from the perfect region of crystal
are subjected. Hence there is an enhancement of diffracted
intensity from this volume compared to the rest of the crystal,
or topographic contrast. This is known as Direct or kinematical
image formation. Note that in thicker crystals the diffracted
beam from the distorted region will not survive the photoelectric
absorption in the crystal, and thus the effect disappears.

(b) Intermediate Absorption Conditions.
As t increases, dynamical effects become more dominant, and
the complexity of the operative contrast mechanisms increases. In
order to be in a position to appreciate the phenomena involved it
is useful here to review some of the basic principles of the
dynamical theory of X-ray diffraction.

Brief Review of Basic Dynamical Theory.15
When a perfect single crystal is set for diffraction of a
monochromatic X-ray beam of zero divergence, i.e. a plane wave,
(which incidentally is not attainable in practice but it serves
here to illustrate a point) from a particular set of planes,
dynamical, diffraction can occur. This differs fundamentally from
kinematical diffraction in several ways. For example, in the case
of kinematical diffraction of a slightly divergent beam from a
mosaic crystal each incident ray is considered to undergo a
single scattering event, so that for each such ray one can define
a diffracted beam:- the incident beam is considered unchanged by
each scattering event. Only single scattering events are
considered since each individual crystal (i.e. each unit in the
mosaic structure) is assumed to be so small that the diffracted
ray escapes before having the opportunity to take part in a
second scattering event, such as diffraction from the backside of
the same crystal planes. However, in dynamical diffraction the
single crystal units involved are larger, and multiple scattering
events must be considered. In dynamical diffraction, it no longer
becomes possible to distinguish between incident and diffracted
beams inside the crystal. Instead, the incident (or forward
diffracted) and diffracted components become coupled inside the
crystal in a way that they lose their individual identities and
can only be considered as a coupled unit or as a so called
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wavef i e ld , which propagates through the c r y s t a l . Each of these
wave f i e ld s i s made up of a s u p e r p o s i t i o n of p l a n e waves
c o r r e s p o n d i n g to t he a f o r e m e n t i o n e d i n c i d e n t (or forward
d i f f r a c t e d ) and d i f f r a c t e d beams. These w a v e f i e l d s a r e a
m a n i f e s t a t i o n of the e x t i n c t i o n effects discussed e a r l i e r . In
s impl i s t i c terms these ef fects a r i se from the p o s s i b i l i t y t h a t ,
in a p e r f e c t (or near p e r f e c t ) c r y s t a l , the d i f f r a c t e d beam
resu l t i ng from a s ingle d i f f rac t ion event may become an incident
beam for a second d i f f rac t ion event, and so on. This continues
throughout the c r y s t a l , with the r e su l t tha t a complex cascade of
m u l t i p l e s c a t t e r i n g e v e n t s o c c u r s from a s i n g l e s e t of
d i f f r a c t i n g p l a n e s . In t h i s way a complicated i n t e r f e r e n c e
p a t t e r n i s s e t up i n s i d e the c r y s t a l c o n s i s t i n g of s e t s of
coupled plane waves, or w a v e f i e l d s . Each of t hese wavef ie lds
r e p r e s e n t s a va l id s o l u t i o n of Maxwell's equations ins ide the
c r y s t a l . For an unpolarized incident beam the r e are four such
s o l u t i o n s each one being a s u p e r p o s i t i o n of an i n c i d e n t and
diff racted beam component.

These solu t ions are conveniently represented on a cons t ruc t ion ,
known as the Dispersion Sur face . 1 0 This construct ion involves a
s l i g h t m o d i f i c a t i o n of t he more f a m i l i a r Ewald S p h e r e
c o n s t r u c t i o n in that the excited reciprocal l a t t i c e points are
located at the or ig ins of the constructed spheres ra ther than at
the i r sur faces . I n i t i a l l y , spheres of radius equal to magnitude
of t he f r e e space wavevec to r of t he i n c i d e n t beam a r e
cons t ruc ted . Then the ef fects of the average index of re f rac t ion
inside the c rys ta l are taken into account in construct ing a se t
of c o n c e n t r i c spheres (of shor te r radius since the r e f r ac t ive
index for X-rays is s l i g h t l y l e s s than u n i t y ) . Away from the
i n t e r s e c t i o n s of the spheres (the so cal led Lorentz point and
Laue po in t ) the d i r e c t i o n s and l e n g t h s of t he w a v e v e c t o r s
defining these spheres represent the s i tua t ion when the incident
beam i s far from f u l f i l l i n g the Bragg condi t ion. As soon as the
Bragg c o n d i t i o n , - i . e . the Lorentz po in t on the diagram,- i s
approached, the wavevectors inside the c rys ta l can no longer be
r e p r e s e n t e d on the spheres of r a d i u s k, r a t h e r wavevectors
corresponding to the solut ions of Maxwell's equat ions, i . e . the
w a v e f i e l d s , are r ep re sen ted by so c a l l e d Tie Po in t s on the
Dispers ion Sur face . This Dispers ion s u r f a c e c o n s i s t s of a
h y p e r b c l o i d of r e v o l u t i o n of two b r a n c h e s each of which
necessar i ly deviates s l i gh t l y from the spheres . Note that there
are two d i s p e r s i o n sur faces one for each po la r i za t i on . For an
incident unpolarized plane wave a t i e point i s excited on each
of the two branches, of each of the two dispersion surfaces . Each
t i e p o i n t r e p r e s e n t s a s i n g l e w a v e f i e l d c o n s i s t i n g of a
s u p e r p o s i t i o n of an incident plane wave and a diffracted plane
wave. The wavefields represented by these t i e points only re ta in
t h e i r i d e n t i t y w h i l s t under the i n f luence of the p e r i o d i c
p o t e n t i a l s i n s i d e the c r y s t a l . As soon as t h i s i n f luence i s
removed (eg as the wavefield leaves the c r y s t a l ) , or i s subject
to an abrupt d i scon t inu i ty (eg some kind of planar defect inside
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the crystal, such as a twin lamella or stacking fault), the
wavefields decouple into their incident and diffracted beam
components.

Some important interference effects become evident inside the
crystal as a direct result of the presence of these wavefields.
It can be shown that the propagation direction for a wavefield is
given by the direction of the normal to the dispersion surface at
its Tie Point. Therefore if Tie points are excited in the center
of each branch of the dispersion surface, the respective
wavefields will have identical propagation directions inside the
crystal. Since their wavevectors only differ by the vector
joining the two tie points, interference phenomena ensue. These
phenomena result in a spatial modulation of the wavefield and are
collectively known as Pendellosung, after the analogy with the
transfer of energy back and forth between coupled pendula, since
they result in a periodic tranfer of energy back and forth
between incident and diffracted beam components as the wavefield
traverses the crystal. The planes of constant phase for this
periodic exchange of energy are parallel to the crystal surface
in the plane wave case, and the spatial period is known as the
Extinction Length or alternatively, Pendellosung Length. Further
beating effects can occur between the interference fields set up
for each polarization. In addition to this modulation due to the
wavevector components in the direction of propagation, there are
further interference effects due to the components perpendicular
to the direction of propagation, or normal to the diffracting
planes. Standing waves result, one set for each branch of the
dispersion surface. For a given polarization, the antinodes of
these standing waves lie at the atomic planes for Tie Points: on
one branch of the dispersion surface, and inbetween the atomic
planes for the other branch.

In reality all incident beams have a finite divergence, and as
mentioned earlier, dynamical diffraction occurs over a very
small range of incident angles. Therefore, if we consider an
incident beam of finite divergence, only a small proportion of
that beam will participate in diffraction, with the remaining
components of the incident beam simply being transmitted through
the crystal and undergoing only normal photoelectric absorption.
This latter portion of the incident beam is often referred to as
the direct or "transmitted" beam). However, the results briefly
described for an incident plane wave generally hold true for an
incident spherical wave,17 since a spherical wave can be treated
as a superposition of plane waves, so that a series of wavefields
are excited simultaneously in the crystal. The Dispersion Surface
is said to be completely illuminated. Analogous phenomena to
Pendellosung exist due to interference between wavefields at
conjugate positions on the two branches of the dispersion
surface, although such phenomena exist over a wider range of
angles than in the plane wave case. Since the wavevector
difference between wavefields represented by the two branches of
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the dispersion surface is now a function of tie point position,
being a minimum at the symmetric position, the planes of constant
phase for the periodic transfer of energy back and forth between
incident and diffracted beam directions consist of a series of
hyperbolic cylinders. If a section topograph is recorded from a
parallel sided crystal, a set of parallel fringes corresponding
to the intersections of this set of parabolae with the exit
surface of the crystal will be observed. If the crystal is wedge
shaped, hook shaped fringes will be observed, which are evidence
for the intersection of the crystal surface with the parabolic
planes of constant phase.

As mentioned earlier, in general when a wavefield reaches the
crystal boundary, or exit surface, it decouples into its incident
and diffracted beam components. For a given thickness of crystal,
and at a given position on the exit surface, the proportion of
wavefield which is made up of diffracted component determines
the strength of the diffracted beam at that position. This
proportion is determined by the position of the relevant Tie
Points on the dispersion surface (see p.74, Ref. 15(c)). For a
perfect crystal the Tie Point position is solely determined by
the incident boundary conditions. However, for a imperfect
crystal the local lattice distortion can modify the position of
the Tie Point of a wavefield as it passes through the crystal.
There are two mechanisms by which this can occur, depending on
the nature of the distortion field encountered by the wavefield.
These mechanisms are known as Tie Point Migration1** and
Interbranch Scattering.19t20 Tie point Migration occurs when the
wavefield encounters a very shallow misorientation gradient upon
passing through the crystal. It has been shown that in order for
this to occur, the variation of the effective misorientation must
be inferior to the rocking curve width, over a Pendellosung
length, i.e. G « «/A , or G = M / A , where g is of the order
of a few tenths, -or in terms of lattice curvature,21

p >> A .

Interbranch Scattering occurs when the wave f i e ld encounters a
more abrupt d i s t o r t i o n f i e l d , c h a r a c t e r i z e d by a s t e e p e r
m i s o r i e n t a t i o n g r a d i e n t . W a v e f i e l d s u n d e r g o i n g Tie P o i n t
Migration fol low a curved trajec tory through the c r y s t a l , whereas
wavefields undergoing Interbranch Scattering can be subjected to
a more abrupt change in d i r e c t i o n depending on the r e l a t i v e
pos i t i ons of the Tie Points on the or ig ina l and subsequent branch
of the dispers ion surface .

In general then, the strength of d i f fracted beam recorded as a
f u n c t i o n of p o s i t i o n on the e x i t s u r f a c e of the c r y s t a l i s
d e t e r m i n e d by the d e t a i l e d h i s t o r y of d i s t o r t i o n f i e l d s
encountered by a l l of the w a v e f i e l d s which converge on that
p o s i t i o n .
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As an example consider the contrast which arises from
dislocations under intermediate absorption conditions. The effect
of tie point migration occurs in the long range distortion field
of the dislocation, and can lead to either an enhancement or a
reduction in diffracted intensity. This type of contrast can be
used to determine the sign of dislocations. It should be noted
that for a given distortion field of the type required to give
rise to Tie Point migration, Tie Points on the two branches of
the dispersion surface migrate in opposite senses, effectively
cancelling out the effect. However wavefields associated with
branch 1 of the dispersion surface suffer enhanced absorption and
for situations of intermediate absorption asymmetry arises, and
as a consequence, contrast. The effect of interbranch scattering
can occur in the regions of greater misorientation gradient
closer to the dislocation core. The new wavefields so created can
potentially meet old wavefields before they exit the crystal, and
in this way interference effects become apparent, which can give
rise to fringe type contrast.This effect is only possible when
tie points from both branches of the dispersion surface survive
absorption in the crystal. Therefore at higher values of t, the
effect disappears (see next section).

(c) High Absorption Conditions.

Contrast under high absorption conditions arises due to a local
breakdown of the phenomenon of anomalous transmission, otherwise
known as the Borrmann effect. As mentioned earlier, for each pair
of wavefields associated with a the two branches of the
dispersion surface there are two sets of standing waves parallel
to the diffracting planes which arise. One of these standing
waves has its antinodes at the atomic planes, and the other has
its antinodes inbetween the atomic planes. It can be shown that
for the case where the antinodes are located at the atomic planes
the wavefield suffers absorption which is greater than the normal
photoelectric absorption, and for the case where the antinodes
lie inbetween the atomic planes, the wavefield suffers less than
the normal photoelectric absorption. Thus it becomes possible to
obtain diffracted beams in transmission geometry from crystals
where calculated ordinary t values would predict effectively
zero intensity. The possibility of this effect occurring only
arises in perfect crystals so that any lattice distortion will
lead to a breakdown of the effect. The sensitivity of this effect
to local lattice distortion affords another mechanism of
topographic contrast formation. For example, the breakdown of
this effect in the distortion field of a dislocation gives rise
to a relative decrease in local diffracted intensity, or a
Borrmann dislocation image.22
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Dislocation Analysis.

Topography, both synchrotron and conventional, is well suited for
analysis of low densities (< 10-6 cm2) of dislocations in
crystals. The restriction to low densities arises from the fact
that topographic dislocation images are around 10-20 microns
wide, so that greater densities would lead to image overlap and
therefore loss of information. We have briefly reviewed the four
possible types of dislocation image;- the direct or kinematical,
the dynamical, the intermediary, and the Borrmann types of image.
Much of the analysis of dislocations that has been conducted in
molecular crystals has been done in the low absorption regime,
using Direct images. For example Burgers vector analysis can be
performed, using the familiar g.b =0 criterion for invisibility
of screw dislocations, and the combination of g.b=0 and g.b x 1=0
criterion for invisibility of edge dislocations. Using this basic
approach, several groups have performed detailed analysis of the
dislocations produced in crystal growth phenomena (see for
example Refs.(23)•(24)). In addition the projected directions of
Direct dislocation images have been used very successfully to
compare with line energy calculations designed to determine why
particular line directions are preferred by growth dislocations
in crystals (for review see (25)).

Applications of X-ray Topography to the Study of Solid State
Reactions.

(a)Conventional Topography.

Conventional topography has been used by several workers to study
solid s t a t e react ions 26,27,28 ( a s mentioned e a r l i e r solid s t a t e
phase transformations in molecular c rys t a l s will be included in
t h i s d iscuss ion, but will be t rea ted s epa ra t e ly ) . The technique
can be u s e d , for example in s o l i d s t a t e r e a c t i o n s ' , t o
c h a r a c t e r i z e t he i n i t i a l de fec t s t r u c t u r e in the r e a c t i v e
c r y s t a l s . Following t h i s the influence of subsequent t r ea tmen t
(thermal, r a d i o l y t i c , photolyt ic) on the solid can be examined in
d e t a i l . This can be a c h i e v e d v i a t he m o n i t o r i n g of t h e
development of substructure at various stages in the react ion and
the c o r r e l a t i o n of t h i s s u b s t r u c t u r e with the w e l l - d e f i n e d
i n i t i a l s t r u c t u r e .

In solid s t a te phase transformations conventional topography has
also found appl icat ion in, for example, the observation of domain
formation, and also in the study of transformation k ine t i c s via
the monitoring of the advance of phase boundaries.29

However, l imi t a t ions ar i se in the a p p l i c a t i o n of conven t iona l
t echn iques in conduct ing exper imenta l s t u d i e s of solid s t a te
react ions since such s tudies can generally only be conducted in
a s e q u e n t i a l m a n n e r ; c h a r a c t e r i z a t i o n , t r e a t m e n t ,
r echa rac te r i za t ion , further treatment, e t c . This is fine if the
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reaction can be effectively frozen for the duration of the
exposure, something which is not always possible in solid state
reactions. In phase transformations, if temperature control is
adequate, phase boundaries can be effectively frozen into
position, so that time lapse topographs can be recorded. However
even here, the long exposure times necessary, even with rotating
anode generators, can lead to problems. For example as pointed
out by Klapper et al 29, phase boundary movements due to
temperature fluctuations may blur contrast and obscure important
information.

Another major disadvantage of the technique (as outlined in
earlier) is its very low tolerance of lattice distortion. This
can become particularly problematic in solid state reactions,
where reaction induced strains, or sometimes strains present in
the crystals prior to reaction, can lead to the formation of
Bragg contours, i.e. prevent imaging of large volumes of crystal,
and thus lead to the presence of "blind spots" in the crystal.
This was found to be the case by Begg et al in their studies of
the decomposition of sodium chlorate monocrystals,. where as soon
as reaction progressed beyond around 1 per cent conversion, the
lattice was seen to twist beyond the acceptable mosaic spread.
However useful information was obtained at lower conversions.
Detailed discussion of this work will be postponed until later,
following discussion of preferential reactivity at dislocations.
Formation of Bragg contours also posed similar problems for
Schultz 2&, and also Rosemeier et al2? in their studies of
diacetylene polymerization.

In summary then, while useful studies have been conducted using
the conventional technique with the sequential methodology, the
technique of synchrotron topography is much more ideally suited
to the task for several important reasons;-
(a) White beam topography has an enhanced tolerance of lattice
distortion over conventional topographic techniques.
(b) The improved resolution capabilities enable the crystal to be
surrounded by elaborate environmental chambers, which might be
needed to induce reaction, with tolerable loss in resolution.
(c) The high source brightness and subsequently short exposure
times (typically of the order of seconds) enable in situ dynamic
studies to be conducted.
(d) The spot positions in the Laue pattern itself can yield
important structural information, about the phases involved i.e.
reactant and product phases.
(e) Distortions in spot shape (asterism) can yield useful
information on lattice rotations, without necessarily obscuring
microstructural information within the Laue spot.

Thus, not only is it possible to characterize crystals prior to
reaction, using a series of topographs recorded simultaneously as
a Laue pattern, but it is also possible to monitor the contrast
present in these topographs, in either a continuous or time
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lapsed manner, during induced reaction. At the same time the spot
positions and any spot distortions, afford information on the
phases present, and induced lattice rotations, respectively.

(b)Synchrotron Topography.

Synchrotron topographic studies of solid state reactions can be
conveniently divided into two main categories,
(1) studies of the effects of grown in and mechanically induced
defects and general strain fields on single crystal reactivity,
and (2) studies of phase transformations in single crystals,
exploiting the phase identification capability of the Laue
patterns. Often these two categories are combined in a single
study, although for the purposes of this description they will be
treated separately.

(1) The effects of grown in and mechanically induced defects on
reactivity.

Over the years, numerous observations have indicated that solid
state reactions very often nucleate and grow from specific sites
in a crystal. In some cases optical microscopic examinations have
been used to identify these sites as dislocations. However, due
to the nature of the technique, such examinations have been
confined for the most part to surface examinations. For example
etching techniques have been used to reveal the emergent ends of
dislocations. Subsequently reaction has been shown to initiate at
equivalent sites and to progress at a rate proportional to their
concentration.30,31,32,33,3^

Similarly electron microscopic techniques (for example, t.e.m.
and replica electron microscopy) have been used in such studies,
although since in situ studies of crystals undergoing reaction
remain elusive,6 conclusions remain largely inferential. For
example the absence of contrast arising from separation of. phases
or the presence of interfaces was used by Jones as the criterion
to decide wheth.er or not the polymerization reaction in DSP had
occurred heterogeneously at defect sites. Meanwhile in the same
system, Meyer et al using the technique of replica electron
microscopy, found that by subliming unreacted monomer away from
irradiated crystals, islands of polymer remained, indicating
heterogeneous reaction, presumed to occur at dislocations. The
indirect and inferential nature of both of these observations is
evident and is symptomatic of the fact that in neither case was
it possible to conduct in situ studies. The contradictory nature
of these results and the question of homogeneous or heterogeneous
reaction have yet to be resolved.35

The use of synchrotron topographic techniques on the other hand
enables in situ studies to be undertaken of the role of the bulk
defect structure and general distribution of localized strain
fields in crystals undergoing solid state reactions. White beam
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synchrotron topography is the technique best equipped to achieve
this, although the elegant work of McBride,3 using EPR and FTIR
deserves mention at this point. McBride has used the FTIR
frequency shifts experienced by intermediates generated during
reaction to calculate the stresses to which these specific
molecules are being subjected. EPR was used to determine the
relative dispositions of species generated during reaction.
However, these techniques are not capable of imaging the defect
content of crystals, and so no assessment was made as to the role
played by defects in reactivity. The strain sensitivity of
synchrotron topography is unsurpassed in this field, since not
only does it render visible the defect content of the crystal,
but it can monitor the generation of defects and/or localized
strain fields during progress of reaction. In this way in situ
studies of preferential reactivity at dislocations can be
undertaken. The development of the strain fields due to any
inhomogeneous reaction which might occur can be observed
directly during reaction, in contrast to the indirect electron
microscopic evidence based on post-reaction observations of the
manifestations of inhomogeneous reaction.

When considering the role played by dislocations in reactivity,
it has been recognized by several workers that in the distortion
field of a dislocation, a different stereochemical arrangement of
ions or molecular groupings might be formed which may be more
favorable to reaction. Such stereochemical arrangements may also
act as traps for excitation energy, as well as providing
favorable reaction configurations. As postulated by Thomas and
coworkers, both undissociated and extended (dissociated)
dislocations can be important from both these points of view. For
example, in the case 9-cyanoanthracene, in order to explain the
observation of the trans as opposed to the cis dimer, it was
postulated that a particular stacking fault bounded by partial
dislocations could bring the lattice into the required
registry.36 Exciton trapping at such defects would then ensure
preferred reaction. However no such faults were observable by
transmission electron microscopy,37 and the observation of the
trans dimer remains unexplained. In the meantime., electron
microscopic observation of the undissociated dislocations present
in crystals of p-terphenyl, which is closely related to
anthracene but more beam stable, affords insight into possible
ways in which similar defects in anthracene itself can lead to
the formation of the topochemically forbidden dimer. Again, it is
thought that excitons migrate through the crystal and are trapped
at the dislocations which thus favor the production of the
dimer.38

However other factors can become significant in determining
whether or not preferential reaction occurs at dislocations,
depending on the reaction of interest. For example, one might
envisage a situation where growth dislocations could be decorated
with impurity atoms or molecules. The modified chemistry
resulting from this may be conducive (or prohibitive) to
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reaction.

Beyond t h i s i t has been customary to simply regard the
dislocation as a high energy site in the la t t ice and therefore to
assign to i t the potential for enhanced reactivity. There has
been much discussion concerning the detailed mechanism by which
this occurs. Among the most important questions discussed relates
to whether the core energy or the s t r a i n energy of the
dislocat ion plays the most important role in modifying local
reaction kinetics. Faced with this s i tua t ion , the solid s ta te
chemist can benefit very much from the detailed studies conducted
by materials scientists and elas t ic ians regarding the role of
d i s l o c a t i o n s in s o l i d s t a t e phase t r a n s f o r m a t i o n s in
metals.39,40,41,42 using this as a basis, let us briefly review
the possible reasons why dislocations, in particular the energy
(strain and/or core) associated with dislocations, might play a
role in r eac t i v i t y . Meanwhile, i t i s recognized tha t the
aforementioned factors of stereochemistry, the energy trapping
capability result ing from th i s stereochemistry, and impurity
decora t ion can also be of greater or lesser s ignif icance,
depending on the particular reaction of interest .

The poss ib le ro le played by the energy assoc ia ted with
dislocations in the reactivity of a single crystal depends on the
nature of the reac tan ts , intermediates (where relevant), and
products involved, and also on the detailed reaction mechanisms
which are operat ive. We will consider two kinds of reaction
here; solid state polymerization in diacetylenes, and inorganic
decomposition reactions of the kind,

A(solid) »-B(solid) + C(gas).

The solid state polymerization reaction which we will consider in
detail is that of the diacetylene PTS, which is a single crystal
to single crystal reaction. With regard to mechanism this
reaction is thought to be governed by the topochemical principle.
The decomposition reactions which we will consider are the
decomposition of sodium chlorate and the dehydration of nickel
sulphate hexahydrate, which can be considered to be single
crystal to polycrystal plus gas, or single crystal to amorphous
(crystallite size too small to yield diffraction peaks) plus gas.
These reactions can be modelled using a classical nucleation and
growth mechanism.

However it will be shown that there can be significant areas of
overlap between treatments valid for these two g e n e r a l
mechanisms, in that some of the fundamental concepts which come
into play during nucleation and growth reactions in the solid
state, can also be applied to topochemical reactions.
These areas of overlap derive from the obvious fact that all
reactions in solids are subject to significant degrees of spatial
restriction. As a result, whenever reactions (or phase
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transformations) occur in the solid state, the volume changes
(for example, per molecule) that inevitably take place lead to
the generation of stresses and strains in either reactant or
product (or b o t h ) , especially if the reaction occurs
heterogeneously, although some strain effects will also be
present even if reaction occurs completely homogeneously. These
effects can be taken into account as follows.

Let us first consider the case of the single crystal to single
crystal polymerization of PTS, occurring in a dislocation free
crystal. When reaction occurs the product crystal structure must
form in the presence of the reactant crystal. In other words a
"nucleus" of polymer must form against the constraints of the
"matrix". It is well noted that, the solid state polymerization
of diacetylenes, nucleation as such does not occur. Rather,
groups of product molecules, or oligomers, form a solid solution
in the monomer crystal. Nevertheless the same arguments with
respect to formation of product against the constraints of the
matrix will hold (Baughman used this as a basis for describing
the kinetics of diacetylene polymerization1^). When this occurs,
the matrix and/or nucleus, depending on the magnitudes of the
relevant elastic moduli, must undergo elastic (or sometimes
plastic) deformation. In this way elastic energy, or strain
energy, is stored in the system, and the system must do work.
This additional work generally makes it more difficult for
reaction to occur, for example, it can increase the effective
initiation barrier by an amount equal to the strain energy term.
It is worth noting here that this concept of the distortions
associated with reaction occurring against the constraints of the
matrix was considered in a very qualitative manner by Cohen with
regard to photolytically induced reactions. ̂1 Cohen introduced
the concept of a reaction cavity within which the molecular
movements and distortions required for reaction must take place.
The strain energy approach traditionally adopted by materials
scientists in studying solid state phase transformations in
metals, which is described above constitutes a very useful
quantification of this reaction cavity concept.

In the case of preferential polymerization occurring in the
vicinity of a dislocation, some of the reaction induced strain,
can be relaxed by the presence of the strain field of the
dislocation. For example if a lattice dilatation is normally
required of the matrix (i.e. in the absence of the dislocation)
for reaction to occur, reaction might occur more readily in the
region of the dislocation strain field where the lattice is
already dilated. In this way the strain energy term can be
effectively reduced, thereby making reaction more probable. This
effect can be quantified by computing a so called elastic
interaction term, which simply computes the elastic energy change
which occurs when a nucleus forms in the presence of a
dislocation. Since we are considering a single crystal to single
crystal reaction, the dislocation exists in both reactant and
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product crystal. Therefore, since there is usually a change in
elastic properties associated with a reaction, there will also
consequently be a change in the line energy of the dislocation.
This constitutes a second contribution to the elastic interaction
term.**1 This contribution can be positive or negative depending
on the reaction. One further term which should be included is the
change in core energy experienced by the dislocation.^2 This is
much more difficult to calculate, and at best only its sign and
approximate magnitude can be estimated. Generally if the total
interaction energy term is negative the possibility arises that
it may influence the effective initiation barrier and as a
consequence promote preferential reactivity. The probability of
such preferential reactivity should increase as the magnitude of
this negative term and its influence on the initiation barrier
increase. It should be noted that in the radiation induced
polymerization of PTS (photolytic, radiolytic etc.) there is
effectively no initiation barrier since the photon energy
promotes the ground state reactant molecules to an excited state
which usually far surpasses any such barrier. Consequently, it
is unlikely in such cases that the interaction energy term would
have any influence on initiation processes. Similarly, unlike the
case of anthracene and its derivatives, in PTS the trapping of
energy at dislocations is not expected to be significant. **5
Therefore dislocations are expected to play no role in radiation
induced solid state polymerization of PTS. However, on the other
hand it is expected that dislocations can play an important role
in thermally induced reactions, where there is an effective
initiation barrier which may be influenced by the elastic
interaction energy term. Early evidence supporting this claim can
be found in the work of Schermann et al.^5

The elastic interaction term can be computed as follows. As is
customary in phase transformations, one can define a "stress free
reaction strain" which would correspond to the structural changes
undergone by the reactant crystal if it were allowed to tranform
to product crystal without any constraints from it surroundings
(i.e. the matrix). Using this concept, Eshelby^ has defined the
first contribution to the elastic interaction term as;

W1 - YeT.• o
d

V
Where e^j is the stress free transformation strain, a^ J is the
stress field of the dislocation, and V is the volume of the
"inclusion". Clearly the magnitude and the sign of W1 will depend
on the precise nature of the stress free reaction strain, and the
dislocation of interest. The form of the second contribution to
the elastic interaction term, involving the change in line energy
of the dislocation during reaction can be be found in Ref. 11.
The magnitude and the sign of W2 depends on the nature of the
change in elastic properties experienced by the crystal during
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reaction,

For the case of reactions which are single crystal to amorphous,
such as some solid state polymerization and dimerization
reactions, the situation is slightly different in that the
dislocation can only be defined in the starting crystal, since in
this case there is no simple structural relationship between
reactant and product. Following the work of Cahn,1*0 if
preferential reactivity occurs around dislocations, it is
customary to then assume the strain energy of the dislocation is
released into the lattice as free energy, end in this way can aid
the initiation process. In all cases, energy is released and so
the contribution to the total free energy of the system is
negative. However, as pointed out by Gomez-Ramirez and Pound,''2

there is also an interaction energy term to compute, since the
displacement field due the formation of the precipitate of
product interacts with that of the remaining dislocation segments
in the reactant crystal. The loss of core energy should also be
included, although this has been ignored in previous treatments
since it is expected to have a negligible influence on the state
of disorder in the product. Again, these strain energy terms are
expected to have no influence on initiation barriers in radiation
induced reactions for the reasons outlined above, although such
influence is again expected in thermally induced reactions if the
strain energy term is comparable to the relevant effective
initiation or nucleation barrier. As an example, t.e.m.
observations of the single crystal to amorphous photoinduced
dimerization reaction in 9-cyanoanthracene showed no evidence
for preferential reactivity at dislocations, although basal
dislocations present do seem to exert some influence on the shape
of the islands of amorphous photoproduct.37 The author is aware
of no topographic experiments reported to date to test the above
hypothesis, although studies of the solid state polymerization of
hexadyiene diol and other diacetylenes are currently being
undertaken.

As mentioned earlier, for the case of single crystal to
polycrystal (or amorphous state) plus gas, which applies to many
solid state decomposition reactions, classical nucleation and
growth theory can often be directly applied to describe the
reaction kinetics, although one must be careful to account for
the fact that one of the components is rapidly removed from the
locus of reaction. As pointed out by Young2*? the molecular volume
of the solid product phase is usually smaller than that of the
reactant (with some exceptions), giving rise to a strain energy
term. Clearly, in this case, as well as considering volume
changes occurring in the solid reaction components involved, one
must also consider the evolution of gas during reaction which may
become trapped in the lattice. Generally, as pointed out by
Young,**7 energy trapping probabilities of excited species, and
the possibility for escape of the gaseous product are major
influences on the locus of nucleation in solid decompositions.
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Generally, the diffusion of gas molecules may be influenced by
the stress field of a dislocation, or of other defects, causing
segregation. This kind of interaction could occur after the
initiation process, and could potentially constitute a secondary
source of interaction between reaction products, this time
gaseous, and dislocations. In such cases, even if dislocations
played no role in the initial nucleation process, they may become
involved at a slightly later stage via this type of process. In
cases where this occurs, it is expected that it should occur
irrespective of how the reaction was initiated, i.e. thermally or
using radiation.

To illustrate the effects described above for a single crystal to
single crystal reaction, we will consider the work of Dudley et
al, applying white beam synchrotron topography to the study of
the solid state p o l y m e r i z a t i o n of the d i a c e t y l e n e
PTS.**8,49,50,51,52,53«54, This polymerization process can be
effected using UV radiation, X-radiation, Gamma radiation, heat,
and mechanical stress. According to the arguments outlined above,
and also as borne out by the earlier work of Schermann et al,1*^
dislocations are not expected to influence reactivity in
radiation induced reaction, although they are expected to play a
role in thermally induced reaction. How this claim is supported
by the synchrotron topographic observations will be described
shortly, however the detailed experimental set up deserves brief
mention first.

The basic premise to the use of synchrotron topography in
investigating the role of dislocations and other defects in the
polymerization of PTS is the ability to be able to detect, in a
non-destructive way, the generation of inhomogeneous strain
fields which would be associated with differential reaction rates
at the defect sites. Since polymerization can be effected by X-
radiation, it would appear at first sight that X-ray topography
could not be used as a non-destructive technique to monitor
strain fields generated during reaction. However the potential
problem of unwanted X-ray induced polymerization can be
effectively eliminated by filtering the incident synchrotron
white beam to remove the more highly absorbed, and therefore more
damaging (i.e. more effective in inducing reaction) longer
wavelength components. The resultant incident beam spectrum is
still sufficiently broad to be able to record a partial Laue
pattern, although the removal of the longer wavelength components
inhibits X-ray induced reaction sufficiently that the crystal can
be exposed to the filtered X-ray beam for several hours without
introducing any unwanted radiation induced effects (see figures
1-5 for the effects of filters on the incident beam profile and
the energy absorbed as a function of depth into the crystal). In
this way the filtered synchrotron beam can be used as an
effectively non-destructive investigative probe to monitor, in
situ, the potential generation of defects and/or localized
strain fields during reaction induced by UV radiation, Heat, and
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even the X-ray beam itself (by selective removal of filter
material; jluminum filters are used). In the latter case of X-ray
induced reaction, filtering also enables the distibution of X-ray
energy as a function of depth to be rendered almost completely
uniform, minimizing stresses generated by inhoraogeneous reaction
occurring as a function of depth in the crystal. In all
experiments topographs were recorded on relatively fast X-ray
film, in a time lapsed manner to minimize X-ray exposure.

As mentioned earlier, should preferential reaction occur around
dislocations, a localized strain field is expected to be set up
due to the volume change which occurs upon polymerization. As
pointed out earlier, no nucleation is expected, merely a volume
in which reaction is more advanced than neighbouring regions i.e.
a more dense solid solution, since polymer forms a solid solution
in monomer. The long range effects of this strain field would be
expected to affect the propagation of X-ray wavefields through
the crystal, and therefore should give rise to topographic
contrast within the Laue spots. Analysis of the variation of this
contrast on different reflections should enable some
characterization of the strain field. Eventually the strain field
is expected to anneal out as reaction in the bulk "catches up"
with that in the vicinity of dislocations, or perhaps via other
mechanisms such as crack propagation. On the other hand if no
preferential reaction occurs then no such localized strain fields
should be induced, and therefore no such contrast within Laue
spots should be discernible. The Laue pattern of the monomer
structure is expected to distort gradually into that
corresponding to the polymer structure.

Results obtained comply with the above models. For example in the
X-ray induced reaction, no contrast changes are discernible
within the Laue spots during reaction, This can be seen by
comparison of figures 6(a) and (b). The detailed defect
structure of the polymer crystal is shown in figures 7-10. The
Laue pattern of the monomer distorts in a continuous manner into
that of the polymer (see figure 11), with the exact defect
structure present in the monomer being frozen into the polymer
crystal. The extra asterism visible in the figure arises from the
slight residual non-uniformity of the absorption profile of the
X-rays as a function of depth, despite the filtering, leading to
a slightly faster reaction rate on the entrance surface than the
exit surface. As a result, a strain field ensues which, in the
case of filtered radiation) tends to slightly bend the crystal
(this bending is much more severe in the case of unfiltered
radiation). This strain manifests itself as lattice curvature
which shows up as asterism on the laue pattern. Note that
microstructural information is preserved on topographs recorded
throughout most of the reaction.

On the other hand in the thermally induced reaction, well defined
contrast becomes discernible within the Laue spots during
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reaction, as shown in figures 12 and 13. This contrast, due to
preferential reaction in the vicinity of a group of growth
dislocations, anneals out as reaction progresses and is
eventually fully relaxed via the formation of microcracks. That
this contrast is indeed due to preferential reaction was verified
by examining the strain field due to a small island of polymer
which was deliberately introduced into a similar dislocated
region in a similar crystal by irradiation with a filtered
synchrotron beam through a pinhole collimator. This contrast was
found to be of identical form to that which becomes evident
during thermally induced reaction (see figures 14 (a) and (b)).

Semi-quantitative (due to insufficient elastic constant data)
strain energy calculations similar to those outlined above have
been performed for this case.51* and these confirm that the
dislocations of the kind observed in PTS (mixed dislocations with
Burgers vector [010]) should play a role in relaxing reaction
induced stress, and therefore should promote reaction.

With regard to applications of synchrotron topography to single
crystal to amorphous or polycrystalline reactions the only work
of which the authors are aware concerns the solid state
polymerization of hexadyene-dicl, (M.Dudley, and J.N. Sherwood,
unpublished work) although poor crystal quality has prevented
conclusive experiments.

With regard to single crystal reactions where gases are evolved
the potential of the topographic t e c h n i q u e is c l e a r l y
demonstrated by the detailed work of Begg et al28 on the thermal
decomposition of sodium chlorate single crystals using
conventional topography. Although the strain induced during this
reaction prevents monitoring of reaction beyond about 1%
conversion, the information obtained in the early stages of
reaction serves as a excellent example of the applicability of
the general topographic technique in problems of this nature,
while at the same 'time defining the limitations of conventibnal
topography, thereby providing impetus for the subsequent
application of synchrotron topography in this area;

In this work Begg et al found no evidence for preferential
reaction occurring at dislocations, rather evidence for
preferential reaction occurring at "strained volumes" in the
crystal was obtained. This evidence initially consisted of the
modification of the strain field associated with the original
strained volumes, discernible as a change in contrast. The nature
of the original contrast from these strained volumes indicates
that the "inclusion" or "precipitate" responsible for the strain,
occupies a smaller volume than the space provided for it by the
crystal. In other words the surrounding lattice is under tension.
It was speculated that the original strain centers could be
impurity centers or vacancy clusters, both of which may have the
correct kind of strain field associated with them. Another
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possibility which was not considered, was that these strain
centers could be germ nuclei which were present in the crystal
initially, following localised decomposition which may have
occurred at low temperature before the decomposition proper, or
following decomposition during heating to the proposed
decomposition temperature (as pointed out by Young'*? these germ
nuclei may have originally formed at vacancy, interstitial or
impurity clusters). This possibility would perhaps be just as
feasible, since these too would have the correct kind of strain
field associated with them (the volume per molecule in the solid
component of the product phase is likely to be smaller than that
of the reactant phase). Following the initial contrast change,
observations indicated that as reaction progresses dislocation
loops are punched into the lattice surrounding the strained
volumes, as the strain energy associated with the nucleation
processes occurring in the vicinity of the interfaces of the germ
nuclei is relaxed via plastic deformation, which becomes possible
at the elevated reaction temperature (sodium chlorate is brittle
at room temperature).

In this case it appears that the volumes surrounding the
precipitates are preferred to those surrounding dislocations, as
far as promoting preferential reaction is concerned. If, as
suggested earlier, these precipitates are in fact germ nuclei,
then interfacial energy considerations would predict that
reaction should occur preferentially at the interface between
reacted and unreacted volumes, and this would explain the
observed effects. On the other hand strain energy considerations
would predict that reaction would be more difficult in the
dilated regions surrounding the germ nucleus, since compressive
rather than tensile stresses would be required to relax reaction
induced stresses. Therefore, even though interfacial energy
considerations would favor reaction at the interface of the
precipitates, such reaction will lead to even greater stresses
than would occur in the perfect crystal. This constitutes an
argument in favor of the germ nuclei hypothesis, since the gain
with respect to interfacial energy obtained in the case of the
germ nucleus would not be obtained from vacancy, interstitial,
or impurity clusters. However, the topographic evidence clearly
shows that these reaction induced stresses are relaxed via
plastic deformation which becomes possible at the elevated
reaction temperature. On the other hand, there is another
important consideration, that of generation of gas during
reaction. The stresses generated by the presence of gas would be
readily relaxed in the dilated regions surrounding the "germ"
nuclei. Overall, the combination of favorable interfacial energy
considerations, the possibility of plastic deformation to relax
the stresses generated during the solid to solid part of the
reaction, and the ready accomodation of gas in the regions
surrounding the germ nuclei, lead to conditions conducive to
nucleation in the vicinity at these sites in the crystal. This
analysis, coupled with the observation that the growth
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dislocations do not appear to become involved in reaction, may
provide evidence that in this particular reaction, strain energy
developed due to the volume changes incurred in the solid
components is not the all important factor in determining sites
for nucleation of reaction, but that a combination of several
factors comes into play. If in fact solid state strain energy
alone were the controlling factor, one would first of all not
expect to see preferential reaction at the precipitate sites, and
secondly one might expect to see some nucleation at dislocation
sites as well as precipitate sites. However, one should also note
that the potential for relaxation of volume stresses may not be
as great at dislocation sites, as it is at precipitate sites,
both from an elastic and plastic point of view. For example, the
dilatation around the precipitates may be greater in both
magnitude and extent than that around dislocations. Similarly,
the relative ease for relaxation of the reaction induced stresses
via plastic deformation may be easier at the precipitate sites
than at growth dislocation sites.

Among the synchrotron topographic studies of decomposition
reactions the work of Sheen et al55 and Herley et al56 deserve
mention. In the work of Sheen et al synchrotron topographs
recorded during X-ray induced dehydration of, for example nickel
sulphate hexahydrate single crystals showed evidence for strain
centers which appear throughout the crystal. These strain
centers, which resemble those observed by Begg et al in sodium
chlorate (adding further weight to the germ nuclei argument
presented above), are likely to be nuclei. Sheen et al claim that
some of these were located at specific points along dislocations
and along growth horizons in the crystal, although many also seem
to nucleate in perfect regions of crystal. In this case no
evidence for relaxation of reaction induced stresses by plastic
deformation was observed, which, as pointed out by Sheen et
al55, is what one might predict from the brittle nature of this
material at room temperature.

Previous studies of thermally induced dehydration of nickel
sulphate hexahydrate57,58, showed that surface dehydration
patches were readily formed at sites equivalent to those giving
rise to etch pits corresponding to the surface intersections of
dislocations of both screw and edge character (although the
authors admit that etch pits may also have been formed at
impurities or point defect clusters57)t and also at cleavage
steps. However, the same behaviour as that which occurs in the
ther <ial reaction may not necessarily be expected in radiation
induced reactions.

The observations of Sheen et al of strain centers which develop
close to dislocations during the X-ray induced dehydration might
presumably be caused by a lowering of the effective initiation
barrier promoting preferential reaction, due to the solid state
strain energy effects described above. Alternatively the
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dislocations could act as energy trapping sites, thereby
promoting reaction in their vicinity. Another possible
explanation, in the light of the arguments presented earlier
concerning radiation induced reactions, would be that the
formation of these strain centers is associated with the
secondary interaction of the gaseous reaction product with the
dislocation strain field. Similar studies (using a filtered
synchrotron beam to minimize X-ray induced effects) of vacuum
dehydration, brought about by pumping, showed that no such strain
centers could be associated with dislocations. In this case it is
claimed that dislocations play no role in this reaction. Since
the only one of the three possible explanations presented above
for the X-ray induced reaction which can be discounted in the
vacuum dehydration is the energy trapping capability of the
dislocations, this latter observation may provide evidence in
favor of the energy trapping argument for the X-ray induced
reaction. However, it is possible that a small degree of X-ray
induced reaction occurred during the topographic exposures
recorded during vacuum dehydration which would detract somewhat
from this argument.

In the white beam topographic work of Herley et al no evidence
for any preferential reactivity around dislocations was observed
in either the UV or X-ray induced decomposition reactions in
single crystals of sodium nitrate. Also no multiplication of
defects upon gamma irradiation was observed contrary to previous
studies, where an increase in etch pit density was attributed to
the plastic deformation resulting fron the strain induced by
oxygen being trapped in the lattice. Generally, attempts to
correlate etch pits with dislocation images on topographs were
successful for some of the pits, but unsuccessful for the
majority. As a result it was suggested (similarly to Thomas et
al57) that some of the pits could be due to defects other than
dislocations, such as, for example, point defect clusters or gas
bubbles. The latter possibility would explain the previously
observed increase in etch pit density with gamma irradiation.
However, it is always possible that some of the pits may be due
to dislocation loops near the surface of the specimen (perhaps
introduced by handling) which are too small to be resolved by
topography.

Similarly no evidence was found for preferential reaction at
dislocations in the X-ray induced decomposition reaction of
ammonium perchlorate, although experiments were hampered by the
instability of the crystal to irradiation by the synchrotron
beam, even when filtering was employed. In the case of the
thermally induced decomposition of ammonium perchlorate no
conclusions could be drawn as to the role of microstructure due
to acceleration of the decomposition process by irradiation in
the synchrotron beam. In this case time lapsed methodology
similar to that employed by Dudley et al in PTS may improve the
prospect of detailed analysis.
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To illustrate the application of synchrotron topography in solid
state phase transformations in molecular crystals, the work of
El-Korashy et al59 on the study of modulated phases in nearly
perfect single crystals of tetramethylammonium tetrachlorozincate
has been chosen. Using a pinhole collimated white beam well
resolved satellite reflections consistent with the superspace
groups postulated to describe the structures formed during phase
transformations which occur in these crystals. This is an
excellent illustration of the application of the structural
identification capability of the technique. Topographs were also
recorded by increasing the area of the incident beam, and
revealed interesting anomalous transmission or Borrmann images of
dislocations.

Future Prospects.

The advances made through the application of Synchrotron
Topographic Techniques in the study of solid state reactions, as
evidenced in the brief outlines of the pioneering studies
presented above, can only be greatly improved upon by the
application of the new generation synchrotron sources such as
that earmarked for Argonne National Laboratory. Improved
brightness will make real time topography (using TV imaging
systems) that much easier. It is worth noting that the field
would benefit greatly if the beamlines to be used for topography
were extended to lengths such that the area of beam delivered at
.the crystal, was in excess of several tens of square centimetres.
This would allow studies to »e made of very large crystals.
Improved monochromator designs would also benefit the field in
that finer bandpass incident beams would allow for more accurate
strain measurement, and also allow for plane wave imaging
conditions to be achieved, which simplifies quantitative
topographic contrast interpretation. Synchotron- topography will,
without doubt, play an important role as a non-destructive
characterization technique capable of revealing fundamental
information on reaction mechanisms and kinetics, in the future
development of new solid state reactions, such as those which may
yield products which have novel electro-optic, or electronic
properties.
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Figure 1. Spectrum emitted from the Daresbury Synchrotron
Radiation Source. N < X) in units of photons see-1
mA-Tmrad-1 for 0.389A bandwidth, (Energy=2 GeV). Curve
(1) spectrum at tangent point; curve (2) spectrum after
889 yro thick Berrylium window; curve (3)i curve ( 2 )
after additional 1» of a ir .
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Figure 2. Spec trum e m i t t e d
Light S o u r c e . N (

from Brookhaven N a t i o n a l Synchrotron
X ) in u n i t s of photons s e c ~ 1

f o r 0 . 3 3 0 4 A b a n d w i d t h , ( E n e r g y = 2 . « GeV).
Curve (1 ) spectrum b e f o r e Berryl ium window; curve ( 2 )
a f t e r B e r r y l i u m window; c u r v e ( 3 ) . c u r v e ( 2 ) a f t e r
a d d i t i o n a l 2 5 . 1 p n of aluminum; curve ( f ) , c u r v e ( 3 )
a f t e r a d d i t i o n a l 4m o f a i r .
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Figure 3. Fractional absorbed intensity plotted as a function of
layer number m. Curve (1), A=2.5A, curve (2), X =1A.

300

Figure 4. Total energy absorbed (over whole spectrum) in the
sample, versus m.
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Figure 5 . (a) SRS i n c i d e n t beam spectrum after use of aluminum
filter.
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(b) Resultant total energy absorbed in the sample
versus m.
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Figure 6(a)

1mm

Figure 6(b)

Figure 6. White Beam Synchrotron Topographa (g = £0113, *=1.25A),
taken from (a) a monomer crystal, and (b) the same
crystal after x-ray Induced poylmerization.
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Figure ?. White Beam Synchrotron Topograph (g = [112], X s ,
showing the detailed defect structure in the polymer
crystal.

Figure 8. Detail from
images.

figure (7) showing central dislocation
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1mm
Figure 9. D e t a i l from

lamel lae .

Figure 9

figure (7) showing images from twin

1mm

F i g u r e 1 0 . D e t a i l from a 2\H r e f l e c t i o n ( X =1A) from the same
c r y s t a l showing growth s e c t o r boundary images .
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2cm

F i g u r e 1 1 . S e r i e s of Laue p a t t e r n s r e c o r d e d d u r i n g room
temperature X-ray induced p o l y m e r i z a t i o n u s i n g a
f i l t e r e d beam.
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Figure 12.White Beam Topograph (g a [104], X =0.8A) recorded from
a PTS monomer crystal on fast X-ray film.J

1mm

Figure 13.Similar topograph recorded from the same crystal after
initiation of thermal reaction.
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J» F i g u r e 14(a)

1mm

Figure H(b)

Figure 1*1.(a) White Beam Topograph (g = [To4], X =0.8A), of PTS
crystal similar to that topographed for figure (12).
(b) Similar topograph recorded after deliberate
introduction of an island of polymer into the central
dislocated region showing resultant strain contrast.
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1 Introduction

The development of trace element microprobes has revolutionized chemical analytical
capabilities for of a wide variety of materials and has opened new areas of research in
geochemistry, biochemistry and materials development. Charged particle and photon
excitation sources have been successfully employed in these instruments. Synchrotron
radiation sources (SRS) have been exploited to develop a trace element microprobe
based on the x-ray fluorescence technique. This approach is advantageous for several
reasons. First, the x-ray flux from SRS is several orders of magnitude greater than
attainable with conventional x-ray tubes. Second, synchrotron radiation is highly
collimated so that small, intense spots can be readily produced. Third, the natural
polarization of synchrotron radiation can be exploited to minimize scattered, back-
ground radiation. The consequence of these improvements is the ability to achieve
high elemental sensitivity with high spatial resolution. The purpose of this paper
is to report the status and planned upgrades of the x-ray microprobe (XRM) at the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL),
summarize chemical applications of the XRM and outline anticipated enhancements
using the Advanced Photon Source (APS).
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2 Synchrotron X-ray Microprobe

2.1 Collimated X-ray Microprobe at NSLS

A first generation synchrotron XR.M has been developed on the x-ray ring (2.5 GeV
electrons, 200 mA) at NSLS (beamline X26C) [1,2]. White, bending magnet syn-
chrotron radiation is used as the excitation source. X-ray beams down to 20 fim are
produced with a four-jaw, motor-driven slit assembly and fluorescence spectra are
obtained in air with an energy dispersive Si(Li) detector (figure 1). Specimens
are mounted vertically on a Klinger translation and rotation stage which allows 1
fim motion for line scans or two-dimensional imaging [3]. A petrographic microscope
equipped with transmitted and reflected light and TV camera is used to view the
sample during analyses.

Detection limits (defined as 3 times the square root of the background for a 30
fim spot after a 10 minute acquisition) with this simple yet powerful instrument are
typically 1 ppm for K transitions of elements with atomic number between 15 and
55 and about 10 ppm for L transitions for elements with atomic number between
55 and 92. Thus, virtually all elements above silicon can be measured with high
sensitivity. The accuracy of the technique has been demonstrated for a variety of
matrices including biological specimens, metals, carbonates and silicates [4].

Quantitative analyses with this "white light/energy dispersive" system are com-
plicated in several ways. First, fluorescence from elements in major proportions in
the sample readily saturate the detector unless filtering is employed to suppress its
intensity. Second, Laue spots produced when the continuum incident radiation is
diffracted by well-ordered specimens can fall within the acceptance solid angle of the
detector resulting in diffraction peaks in the x-ray spectra [5]. Specimen rotation is
usually sufficient to alleviate this interference. Third, trace element standards which
are homogeneous on the micro-scale are extremely rare. Standard-less analyses (i.e.,
concentration determinations on individual spectra based on theoretical relative el-
emental sensitivities and the known content of a major element) are often feasible,
however, since the physics of photon interactions with matter is reasonably well un-
derstood [4].

Several upgrades are in progress to improve the performance of this instrument.
First, an ellipsoidal, grazing incidence focusing mirror will be installed to increase
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the flux at the specimen [6]. Second, a wavelength dispersive detector will be used to
increase energy resolution and eliminate diffraction interferences. Third, a monochro-
mator will be added to allow tuning of the incident energy to selectively excite par-
ticular absorption edges. These improvements are expected to lower detection limits
to below 100 ppb.

2.2 Advanced Photon Source

The availability of the Advanced Photon Source (APS) will greatly enhance the ca-
pabilities of the synchrotron x-ray microprobe [7]. The undulators will produce very
high flux in the 5-40 keV range and their low emittance will allow the production of
much smaller, perhaps sub-micron, beams thereby improving spatial resolution. The
hard x-ray wigglers will produce orders of magnitude more flux at high energy than
currently available from the NSLS bending magnets {8].

The APS undulator "A", the energetically softer of the two proposed undulators,
is ideally suited for an x-ray microprobe in the 5-40 keV range. Its fundamental can
be tuned from 5 to 14 keV with the 3rd harmonic varying from 15 to 42 keV. With
the fundamental tuned to 10 keV, a flux of about 10s photons/sec//*m3/l% bw will
be produced. Moreover, the beam will be so well collimated that a 1 fim pinhole
could be placed several centimeters from the sample without appreciable "blowup" of
the beam diameter. (This blowup effect hampers attempts to produce /tm spots on
a focused, bending magnet beam line.) Alternatively, the pinhole could be replaced
with a Kirkpatrick-Baez mirror [9] which will increase the flux into a 1/rni3 spot-by
another factor of about 1000. These high fluxes into small spots will allow the use of
high resolution monochromators and wavelength dispersive detection systems.

Fluorescent transitions above 40 keV will be accessible with the hard x-ray wiggle?
(wiggler "A"). The brightness of this wiggler at 60 keVis about 10" photons/sec/mrada/0.1%
bw, i.e., 10 and 10s times greater than the brightness of an NSLS bending magnet
at 10 and 60 keV, respectively. High fluxes at high energy will permit sensitive fluo-
rescence measurement of high atomic number elements, e.g., rare earth elements and
noble metals, using K transitions. This approach will avoid peak overlap problems
encountered when using the lower energy, L transitions for these measurements.

Such intense x-ray sources are not without their complications. The high radiation
levels are likely to produce severe shielding restrictions on experimental apparatus.
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Perhaps the most important concern, however, is specimen radiation damage. Quan-
titative work remains to be done on the effects of such intense photon fluxes on a
variety of materials. It is conceivable, for example, that the excitation process itself
will severely modify the structure and composition of many specimens. Under the
synchrotron beam, trace elements may be redistributed, chemical speciation may be
modified, and lattice parameters may be altered.

It is clear from the above considerations that an XRM at the APS will require
time on each of the insertion devices - the optimum source depends on the specific
experiment. In order to provide the required flexibility, a modular system of beam line
components is desirable. This approach will allow apparatus to be moved essentially
intact from one beam line to another. Experimental setup in a staging area will also
increase the the efficient use of the synchrotron photons.

An XRM will be one of many synchrotron-based analytical devices employed by
the chemistry community. XRM, EXAFS and diffraction studies will routinely be
required on individual samples. It is therefore essential that an organization be es-
tablished to coordinate chemical research at the APS. In the earth science community,
for example, the GeoSync committee was established to serve this function. At BNL,
an analogous task is performed by the Regional Center for Trace Element Geochem-
istry (RECETEG). The experience of RECETEG has demonstrated the value of an
in-house core of scientists which develops instrumentation and techniques, conducts
its own research and facilitates access to the instruments by outside users. In this
way, the unique capabilities of synchrotron radiation are exploited to the maximum.
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3 Chemical Applications of the XRM

The availability of high elemental sensitivity (< 1 ppm) for small masses (< 1 ng)
offers two main advantages in chemical research. First, compositional microdistri-
butions of natural and synthetic materials can be determined for a large number
of elements. Second, trace element analyses are possible on extremely small sam-
ples. These enhanced capabilities have opened new areas of geochemical, biochemical
and materials research. Advanced synchrotron sources will continue this explosion of
activity.

Geochemistry: The ability to determine the trace element contents of minerals
in fine-grained assemblages has many important geochemical applications. Elemental
partitioning among co-existing phases are extremely valuable in inferring the physical
and chemical evolution of igneous systems, such as geothermal centers. Research on
igneous meteorites has been done at the NSLS (figure 2) [10,11]. Microdistribution
determinations are normally required on both natural rocks and the minute, crys-
talline run-products from laboratory, simulation experiments. The XRM allows these
experiments to be performed at temperatures, pressures, and compositions which
approximate geological environments more closely than ever before. Trace element
analyses can presently be done on small, isolated samples down to about 5 /im(figure
3). Many economically-important ore minerals, such as noble metal-bearing sulfides,
are fine-grained, multi-phased assemblages and the XRM permits analyses on the
individual phases in their petrographic contexts [12]. Microdistribution analyses of
Carlin-type ore demonstrated the concentration of Au in the matrix and subsequent
optical and electron microscopy revealed an association with the clay mineral illite
[13]. The APS will allow elemental partitioning studies to be extended to other ele-
ments in lower concentrations. Diffusion mechanisms are important in crystal growth
and magma contamination. The XRM permits diffusion couple research at low con-
centrations and wide ranges of pressure and temperature. /> : experiment on silica-rich
glasses yielded trace element diffusion rates similar to those of the major elements
and no correlation between rates and ionic radii was observed [14]. Major element
diffusional gradient control of the trace element redistribution is one interpretation
that will be fully testable with the APS. Fluid evolution in coal-forming environments
is feasible to study with the XRM by analysing sulfides of different temporal asso-
ciation. Analyses have been made at NSLS on pyrite (FeS2), marcasite (FeS2), and
chalcopyrite (CuFeS3) originating from a series of localities within the Yorkshire and
East Midland Coalfields in Great Britain [15]. The small grain size of some of this
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mineralization will be well suited for the small beams that will be achievable with the
APS undulator sources.

Biochemistry: Studies of the detailed function of specific organisms and tox-
icity effects of particular elements are complicated by the extreme heterogeneity of
biological specimens. Trace elements are important in many biological areas including
cell physiology, disease processes, catalytic reactions, and the regulation of cell func-
tion. Trace element interactions in biological systems are extremely complex and the
multi-element, high spatial resolution capabilities of the XRM are advantageous in
this research [17]. For example, the microdistribution oi Ga in bone is being studied
to investigate the effects of gallium nitrate in the treatment of tumor related bone
loss [18]. At BNL, a Biomedical Resource Center coordinates the use of the XRM at
NSLS for biological applications. Greater elemental sensitivity and spatial resolution
obtainable with the APS will allow time-resolved experiments on trace element mi-
crodistributions with better than micrometer spatial resolution. Microtomography of
organisms will also be improved with extremely intense and small x-ray beams.

Materials research: Trace element distributions are valuable in materials sci-
ence research. The distributions and contents of trace impurities in high Te super-
conductors may lead to important insights on the manufacture of these materials.
Siting information for impurities in semiconductors is required to improve purity and
advance the development of electronic devices. Development and testing of waste
management materials, such as nuclear waste encapsulators, is aided by laboratory
simulations under physical and chemical conditions which closely approximate natural
environments. Development of new catalysts depend on detailed chemical analyses
of experimental run products. These specimens also tend to be minute and trace
chemical constituents often play important roles in determining physical properties.

It should be emphasized that trace element microprobe analysis is one aspect of
an interdisciplinary, chemical research program which includes other analytical tech-
niques such as EXAFS and x-ray diffraction. A significant advantage of the advanced
synchrotron sources will be the ability to obtain chemical, structural and physical
information with extremely high spatial resolution and sensitivity on individual sam-
ples.
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4 Conclusion

Synchrotron radiation is an extremely useful and powerful source for a trace element
microprobe based on the x-ray fluorescence technique. A simple, collimated instru-
ment has been constructed at NSLS beam line X26 and analyses have been made
of geological and biological specimens. These initial results demonstrate the unique
role that this instrument plays in chemical research. Work is in progress to add a
focussing mirror, monochromator and wavelength dispersive spectrometer to the X26
XRM which will enhance elemental sensitivity. The insertion devices on the Ad-
vanced Photon Source will advance this instrument even further in sensitivity and
spatial resolution. Undulators and wigglers will both be useful and a modular beam
line system is desirable for this flexibility. The enormous cost of such beam lines
will almost certainly require a cost-sharing approach among related disciplines and
funding agencies.
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Bonding and Structure of Molecular Adsorbates
on Surfaces Using X-Ray Absorption Spectroscopy

Joachim Stflhr
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San Jose, CA 95120

The use of the near edge x-ray absorption fine structure (NEXAFS) technique is
discussed for the study of low-Z molecules bonded to surfaces. The origin of the
observed NEXAFS structures, their energy position and their polarization de-
pendence reveal the hybridization of the intramolecular bond, the intramolecular
bond length and the molecular orientation on the surface. Using these concepts
we discuss examples of the determination of the bonding and structure of simple
chemisorbed molecules (e.g. CO, O2 or C2H4) and their transformations in re-
sponse to sample conditions. With increasing size and complexity of the molecules,
even for molecular chains and polymers, NEXAFS spectra are found to be char-
acteristic of the individual functional groups of the molecules. As examples we
discuss complex alcohols and acids, Langmuir-Blodgett chains and polymers such
as polybutadiene, polystyrene or PMMA. As for simple molecules the polarization
dependence of the resonances can be used for the determination of the orientation
of the different functional groups on the surface.

For recent reviews see:
J. StOhr, Z. Physik, 61^ 439 (1985).
J. St6hr and D A. Outka, J. Vac. Sci. Technol. 5̂  919 (1987).
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